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The present invention relates to novel TMPK inhibitor com-
positions and their methods of use. In particular, it relates to
novel TMPK inhibitor compositions and therapeutics that
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a novel chemosensitizer, which are useful in methods for
treating or preventing cancers.

3 Claims, 22 Drawing Sheets



U.S. Patent Mar. 8, 2016 Sheet 1 of 22 US 9,278,982 B2

Rap s step b

AN
o -
,zjm\.ﬁ,ff’ cov, NaSQy

s-biutandd, veflug, RET ™Y
4 h

Y WS, 4 h

FIG. 1B.

s¥es ¢

o L
JL\ -Nitrpheryl

i
ey R T e e N ‘)’l‘a,
ffd ey _d}:ios‘mufmme CoHs o | N

BN

EisN, GHo Gl

stepn o)

DKP& DhBP .
\‘N( 5‘\@} %(}Cfﬁ“ﬁﬁ

u‘a\t@? N

] RN sten
j’ L0 BriHL GO M cone, MG
o TeT——————- 3

-.3 ‘..t
e -0
/& D e Dy a0, OEA, iI 34~ 10090, B 8 i «,3
g LHs(‘ g

tX=CHRI =R RE=H § meRzﬁr«au«s 8 :-<=-=:C,R‘==:H.=R«-=-<H
4 Xan R'=na RY»Ma T X =N, R'sbMe, R = Me 8 X=8R=Me RE= Ve

stap
OHLON  Y-R®
'

lep ko
TN

B 0o O g
F %y boge PR OO A s W
Sl }—\ AR el “‘\; . __;)“ ;
AT g

18 ffrom 18}

1 A=CH. 2N R =f =1 R = 00E R
B o
12 X= O ZaN B =82 B R s DDyCMey EN >,\_N i
e ’\______,"‘ )
19 K=NZ=0 R =8%= Ma Eo

2 R=ZaNR R s B, gt G EE

20 {from 22)
2¢ N=2 =N R =R 2 be 8 = OO0Mey



U.S. Patent Mar. 8, 2016 Sheet 2 of 22 US 9,278,982 B2

FIG. 1D.
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Figure 2. TMPK Knockdown causes DSB repair with dUTP incorporation
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Figure 3. Effect of TMPK knockdown on viability in response to DNA damage
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Figure 4. Measurement of recombinant human dUTPase activity
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Figure 5. Overexpression of wild-type of dUTPase reduces XRCC1 foci

formation and restores sustained DNA damage signal
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Figure 6. Functional coordination of TMPK and RNR at DNA damage site for

repair
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Figure 7. Effect of TMPK knockdown on cellular dTTP level and cell growth
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Figure 8. Purified hTMPK activity assay
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Figure 9. Effect of catalytic dead of GFP-TMPK on cellular dTTP level
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Figure 10. The cellular R2 fevel is correlated to the requirement of TMPK in
DNA repair
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Figure 11. The contribution of R2 expression level to DNA repair impairment
induced by TMPK knockdawn
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Figure 12. Identification of a novel hTMPK inhibitor
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Figure 13. Effect of YMU1 on cellular dTTP level
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Figure 14. Effect of YMU1 on genomic toxicity and DNA repair
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Figure 15. Impairment of DNA repair efficiency by YMU1 treatment in
MDAMB231 cells

ronovery time {(h)

Vehicle

YU

8 ahicie YR

1231 ‘3}.3 -§_§44

Tait Momant

N 5 P x o]

ok

o

racovery tme )



U.S. Patent Mar. 8, 2016 Sheet 18 of 22 US 9,278,982 B2

Figure 16. In vitro and in vive effect of YMU1 on doxorubicin sensitization
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Figure 17. Doxorubicin sensitization by YMUI1 is through TMPK inhibition
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Figure 18. Reversal effect of doxorubicin sensitization with YMU1 treatment

by averexpression of dUTPase
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Figure 19. No effect of YMU1 on dUTPase activity
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Figure 20. Verification of antibodies specificity
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1
TARGETING HUMAN THYMIDYLATE
KINASE INDUCES DNA REPAIR TOXICITY
IN MALIGNANT TUMOR CELLS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Application No.
61/417,648, filed Nov. 29, 2010, the entire contents of which
is incorporated herein by reference.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

This invention was made with grants NHRI-EX-100-
10005NI from National Health Research Institute, NSC
96-2628-B-002-079-MY2 from National Science Council,
Taiwan and a grant from Aim for the Top University plan in
National Yang-Ming University supported by the Ministry of
Education, Taiwan.

FIELD OF THE INVENTION

The present invention relates to novel TMPK inhibitor
compositions and their methods ofuse. In particular, it relates
to novel TMPK inhibitor compositions, synthesis scheme,
and therapeutics that lead to dUTP-mediated DNA toxic
repair in malignant tumor cells with elevation of ribonucle-
otide reductase. Such novel TMPK inhibitor compositions
and therapeutics may acts as novel chemosensitizers, which
are useful in methods for treating or preventing cancers.

BACKGROUND OF THE INVENTION

The main problem with cancer chemotherapy is the lack of
differentiation between tumor- and rapidly-dividing cells in
normal tissues. This causes substantial side effects, which can
in the long run lead to secondary cancers induced by the
treatment. Chemotherapeutic agents often cause unwanted
general cytotoxicity, and activities of several DNA repair
pathways enable tumor cells to survive by removing lesions
(Helleday et al., 2008).

Small-molecule inhibitors of checkpoint pathways or
DNA repair machineries were identified and used as cellular
radio- and chemosensitization compounds in clinical trials
(Bolderson et al., 2009). Given the differences in checkpoint
and DNA repair alteration during tumorigenesis, the thera-
peutic efficacies of these strategies were found various
depending on the checkpoint context of tumor (Jackson and
Bartek, 2009; Jiang et al., 2009).

Moreover, derangement of DNA damage response could
cause the accumulation of DNA error during therapy, which
might provoke secondary tumor development (Mimeault et
al., 2008). Therefore, it is important to develop a chemosen-
sitization regimen that does not disrupt the checkpoint net-
work while specifically inducing cancer cell death with little
side effect.

An important process in DNA repair is the supply of bal-
anced and sufficient quantities of four dNTPs (Niida et al.,
2010b). Ribonucleotide reductase (RNR)-mediated reduc-
tion generates not only dADP, dGDP and dCDP but also
dUDRP, directly from the corresponding NDPs (Nordlund and
Reichard, 2006). RNR is composed of R1 and R2 subunits, of
which the level of R2 is cell-cycle-regulated (Bjorklund et al.,
1992; Engstrom et al., 1985) and often elevated in tumor cells
(Jensen et al., 1994; Zhang et al., 2009). It has been reported
that R2 overexpression confers oncogenic potential (Fan et
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al., 1998). An analogue of R2, p53R2, can substitute for R2 to
form RNR enzyme, and its function is important for DNA
repair in quiescent cells (Hakansson et al., 2006; Pontarin et
al., 2011). Nucleotide diphosphate kinase converts all these
dNDPs to dNTPs, which include dUTP (Mathews, 2006;
Reichard, 1988). Pyrophosphorolysis of dUTP by dUTPase
or deamination of dCMP forms dUMP, which is converted to
dTMP by thymidylate synthase (TS) (Mathews, 2006; Rei-
chard, 1988). The action of thymidine kinase (TK) also gen-
erates dTMP from thymidine (Amer and Eriksson, 1995).
Thymidylate kinase (TMPK) subsequently catalyzes the for-
mation of dTDP (Ostermann et al., 2000; Reichard, 1988).
Thus, dTDP is the only dNDP, the formation of which cannot
be directly derived from RNR reaction.

Conventional anti-cancer therapies often directly induce
genotoxicity (Garg et al., 2010). For example, thymidylate
synthase (TS) inhibitor, 5-FU or 5-FdUrd, blocks the conver-
sion of dUMP to dTMP, causing dUTP to accumulate and
5-FdUTP formation (Longley et al., 2003). Since DNA poly-
merases cannot discriminate between dUTP and dTTP (Bess-
man et al., 1958; Mosbaugh, 1988), excessive amounts of
dUTP and SFAUTP are mis-incorporated into DNA, trigger-
ing DNA damage-induced cell death (Ahmad et al., 1998).
Consequently, such anti-metabolites produce excessive DNA
damage due to erroneous nucleotide incorporation and causes
cancer cells death while being highly toxic to normal cycling
cells (Ahmad et al., 1998).

It is known that double-strand breaks (DSBs) in prolifer-
ating cells are mainly repaired by homologous recombination
(HR) in which a single DSB needs more than 10 thousands of
dNTPs new incorporation (Robert et al., 2011; San Filippo et
al., 2008). As such, RNR function in supply of dNTPs is
critical for HR repair (Burkhalter et al., 2009). Of note, block-
ing RNR on its own induces DNA damage signal and repli-
cation stress (Helleday et al., 2008). Since dTDP formation
specifically requires TMPK function, we propose that block-
ing TMPK may decrease the efficiency of DSBs repair and
sensitize tumor cells to genotoxic insults.

Accordingly, there is a need to develop novel therapeutics
than can induce cancer cell death, when used alone or in
combination with other anti-cancer therapies, while reducing
the toxic effects caused by such treatments.

SUMMARY OF THE INVENTION

The present invention provides novel compositions, their
synthesis schemes and their methods of use. More particu-
larly, the inventors have identified novel compositions and
therapeutics comprising TMPK inhibitors and methods ofuse
in treating or preventing cancers.

The present invention provides a composition for inhibit-
ing thymidylate kinase (TMPK) comprising a therapeutically
effective amount of formula (I):
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wherein
X—CHorN;

Y=S, SO,, O, C=0, or NR®, wherein R” is a substituent
selected from the group consisting of hydrogen, a straight,
branched or cyclic alkyl group, aralkyl, heteroaralkyl, het-
eroarakenyl, aryl, heteroaryl, optionally substituted with one
ormore substituents such as halogen, alkyl, hydroxyl, alkoxy,
amino, nitro, cyano and carbonyl;

R'=—(CH,),CORS, whereinn is 0, 1, 2, or 3; and

R?, R?, R* and R® are substituents independently selected
from the group consisting of hydrogen, a straight, branched or
cyclic alkyl group, a straight, branched or cyclic alkenyl
group, a straight, branched or cyclic alkoxyl group, fluoro-
alkyl, perfluoroalkyl, aralkyl, arakenyl, arakynyl, het-
eroaralkyl, heteroarakenyl, heteroarakynyl, aryl, heteroaryl,
optionally substituted with one or more substituents such as
halogen, alkyl, hydroxyl, alkoxy, amino, nitro, cyano and
carbonyl;
or a pharmaceutically acceptable salt, hydrate or solvate
thereof.

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

O
NH
/
S
2
O
NH
/
S
0,
3
4

In some embodiments of the present invention, the com-
position comprises the following structure:

O

S OEt

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:
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In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

Cré
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In some embodiments of the present invention, the com-
position comprises the following structure:
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In some embodiments of the present invention, the com-
position comprises at least one of the following structures:
15
16
O\% 20
VAN
17 55
// \\ 30

In some embodiments of the present invention, the com- 45
position comprises the following structure:

18

0 O —\ 0 40
4>—N N%
. \__/ O{;

N 45

In some embodiments of the present invention, the com-

position comprises at least one of the following structures:
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In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

21 (YMU1)

/N)LNC%J

22

(-0~

In some embodiments of the present invention, the com-
position comprises the following structure:

23
(6]

A~
/N

In some embodiments of the present invention, the com-
position comprises the following structure:

24

o OO

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

25
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-continued
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28

In some embodiments, the compositions of the present
invention are capable of inhibiting TMPK activity. In other
embodiments, the compositions of the present invention are
capable of inhibiting cellular dTTP levels. In some embodi-
ments, the compositions of the present invention are capable
of inhibiting tumor growth, DNA damage checkpoint, DNA
mismatch repair, nucleotide excision repair, double-strand
break repair, DNA helicase function, signaling, cell cycle
control or apoptosis.

In some embodiments, the double-strand break repair may
be associated with radiation therapy, chemotherapy or immu-
nomodulatory therapy. In some embodiments, the chemo-
therapy involves treatment with doxorubicin.

In some embodiments, the compositions of the present
invention selectively target toxicity to cancer cells with DNA
lesions.

In other embodiments, the compositions of the present
invention are capable of sensitizing cancer cells to radiation
therapy, chemotherapy or immunomodulatory therapy. In
some embodiments, the chemotherapy involves treatment
with doxorubicin.

In some embodiments, the compositions of the present
invention do not result in genotoxic side effects.

In some embodiments, the compositions of the present
invention exhibit an IC,, value of about 10 uM or less. In
some embodiments, they exhibit an IC;,, value of about 5 uM
or less. In some embodiments, the compositions exhibit an
1C5, value of about 1 uM or less. In some embodiments, the
compositions exhibit an IC,, value of about 0.5 pM or less. In
still other embodiments, the compositions exhibit an ICs,
value of about 0.25 uM or less. In other embodiments, the
compositions exhibit an IC,, value of about 0.1 uM or less.

In some embodiments, the compositions of the present
invention are administered once daily for 3 consecutive days.
In some embodiments, the compositions of the present inven-
tion are administered one to two times per day. In some
embodiments, the compositions of the present invention are
administered at a dose of about 5 mg/kg to about 30 mg/kg.

The present invention further provides a pharmaceutical
composition comprising a composition described herein and
a pharmaceutically acceptable carrier.

The present invention also provides a method for manufac-
turing a composition described herein comprising the steps
a-u as illustrated in FIG. 1.

The present invention further provides a method of sensi-
tizing cancer cells to radiation therapy, chemotherapy or
immunomodulatory therapy comprising exposing the cancer
cells to an effective amount of a composition of the present
invention.
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The present invention also provides a method for sensitiz-
ing cancer cells to the therapeutic effects of radiation therapy,
chemotherapy or immunomodulatory therapy comprising
exposing the cancer cells to an effective amount of an agent
that inhibits TMPK activity. In some embodiments, the agent
is a composition of the present invention.

The present invention further provides a method of pre-
venting double-strand break repair of cancer cells comprising
exposing the cancer cells to an effective amount of a compo-
sition of the present invention.

The present invention also provides a method of selectively
targeting toxicity to cancer cells with DNA lesions compris-
ing exposing the cancer cells to an effective amount of a
composition of the present invention.

In some embodiments, the cancer cell is selected from the
group consisting of a breast cancer cell, a hepatoma cell, a
colorectal cancer cell, pancreatic carcinoma cell, an esoph-
ageal carcinoma cell, a bladder cancer cell, an ovarian cancer
cell, a skin cancer cell, a liver carcinoma cell, a gastric cancer
cell, a prostate cancer cell, a colon cancer cell, a lung cancer
cell, a rectal cancer cell, a renal cancer cell, a thyroid cancer
cell, a brain cancer cell, melanoma, sarcoma, leukemia, bone
cancer cell and endometrial cancer cell.

In some embodiments, the methods further comprise
exposing the cancer cells to at least one additional therapeutic
agent selected from the group consisting of anti-cancer
agents, antiviral agents, anti-inflammatory agents and immu-
nosuppressive agents.

The present invention also provides a method of treating or
preventing cancer in a subject in need thereof, comprising
administering to said subject a therapeutically effective
amount of a composition of the present invention.

In some embodiments, the composition is administered via
inhalation, nasal spray, aerosol spray, orally, intravenously,
intraperitoneally, subcutaneously, via a sustained-release
delivery system or combinations thereof.

In some embodiments, the method further comprises
administering at least one additional anti-cancer therapy
selected from the group consisting of radiation therapy, che-
motherapy or immunomodulatory therapy.

In some embodiments, the anti-cancer therapy is adminis-
tered prior to administration of the composition. In some
embodiments, the anti-cancer therapy is administered simul-
taneously with administration of the composition.

In some embodiments, the cancer is selected from the
group consisting of breast cancer, hepatoma, colorectal can-
cer, pancreatic carcinoma, esophageal carcinoma, bladder
cancer, ovarian cancer, skin cancer, liver carcinoma, gastric
cancer, prostate cancer, colon cancer, lung cancer, rectal can-
cer, renal cancer, thyroid cancer, brain cancer, melanoma,
sarcoma, leukemia, bone cancer and endometrial cancer.

In some embodiments, the subject is a mammal.

These and other features, aspects and advantages of the
present invention will become better understood with refer-
ence the following description, examples and appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIGS.1A-1J. Synthesis of TMPK inhibitor derivative com-
pounds of the present invention.

FIG. 2. TMPK knockdown causes DSB repair with dUTP
incorporation. (A) After silencing of TMPK with siRNA for
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24 h, U20S-DR-GFP cells were transfected with pCBA-I-
Scel plasmid. After 48 h, GFP+ frequencies were measured
by flow cytometric analysis. Data are presented as meanss.d.,
n=3. A proportion of cells were harvested for WB analysis.
(B-D) MDA-MB231 cells without and with TMPK shRNA
stable expression were exposed to doxorubicin (0.1 pM) for 4
h and recovered by washing with fresh medium for (B)
YH2AX foci staining (Scale bar, 20 um). (C) Rad51 foci
staining (Scale bar, 5 pm). (D) XRCC1 foci staining (Scale
bar, 5 um). For each experiment, more than 100 of cells were
counted (n=3). The level of TMPK was indicated by Western
blot. (E) Cells were infected with lentiviral LacZ or UNG
shRNA for 8 hr. After 24 h recovery from doxorubicin expo-
sure, cells were fixed for XRCC1 foci staining (Scale bar, 5
um). Inset indicates the levels of UNG and TMPK RNA
transcript by RT-PCR. For each experiment, more than 100 of
cells were counted (n=3). (F) Cells were transfected with
pEGFP-C1, wild-type pEGFP-dUTPase (wt) and catalytic-
dead pEGFP-dUTPase (KD) as indicated, followed by doxo-
rubicin exposure and recovered for 24 h. Cells were analyzed
by XRCC1 foci staining (Scale bar, 10 um). For each experi-
ment, 70~100 of GFP-positive cells were counted (n=3). Inset
indicates the level of TMPK by Western blot.

FIG. 3. Effect of TMPK knockdown on viability in
response to DNA damage. (A) Parental MDA-MB231 and
stable clone expressing TMPK shRNA were plated in a 96
well plate at 1,000 cell per well for cell growth analysis by
MTS assay. (B) Overnight culture these two cells were
exposed to doxorubicin (0.1 uM) for 4 h, after which drug was
removed by washing with fresh medium. After 48 h, cell
viability was determined by MTS assay. Data represent
meanzs.d. of 4 experiments.

FIG. 4. Measurement of recombinant human dUTPase
activity. (A) Recombinant human GST-dUTPase fusion pro-
tein was eluted from glutathione-sepharose with glutathione
after affinity chromatography. Proteins were separated on a
10% SDS PAGE and stained with coomassie blue. (B) The
enzyme specific activity was calculated by measuring the
concentration of PPi in each reaction containing 0.25 pg of
dUTPase (data represent meanzs.d., n=3).

FIG. 5. Overexpression of wild-type of dUTPase reduces
XRCC1 foci formation and restores sustained DNA damage
signal. Parental MDA-MB231 and the clone cells stably
expressing TMPK shRNA were transfected with indicated
plasmid. After overnight, cells were exposed to doxorubicin
(0.1 uM) for 4 h and recovered. At 24 h recovery, cells were
analyzed by XRCC1 and yH2AX foci staining. Quantifica-
tion of the number of GFP-positive cells with XRCC1 foci>5,
yH2AX foci >10 is shown in upper panel. Representative
images were shown in lower panel. Data are presented as
meanzs.d., n=3; *** P<0.001 based on a two-tailed Stu-
dent’s t-test. For each experiment, 70~100 of GFP cells were
counted. Scale bar, 10 um.

FIG. 6. Functional coordination of TMPK and RNR at
DNA damage site for repair. (A) MDA-MB231 cells were
transfected with pEGFP-TMPK (WT or D15R) followed by
doxorubicin exposure and recovered as described in legend to
FIG. 2B. Cells were fixed for yH2AX staining. Scale bar, 20
um. For each experiment, more than 100 of GFP-positive
cells were counted (n=3). (B) MDA-MB231 cells withoutand
with stable TMPK shRNA expression were transfected with
pCMV2-YFP-Nuc (vector) or pCMV2-YFP-Nuc-R1C
(R1C) plasmid. (C) MDAMB-231 cells were transfected with
pEGFP-TMPK (D15R) in combination with pCMV2-YFP-
Nuc-R1C (R1C) plasmid as indicated. Following doxorubi-
cin exposure and recovery for 24 h, cells were analyzed by
yH2AX foci staining (Scare bar, 5 um (B) and 10 um (C)). For
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each experiment, more than 100 of YFP or GFP positive cells
were counted (n=3). (D) HEK293T cells were transfected
with pEGFP-C1 or pEGFP-1-Ppol. After 18 h, cells were
collected and used for qChIP analysis with the indicated
antibody using a primer pair adjacent to the single chromo-
some 1 I-Ppol cleavage site (280 bp 5' to the I-Ppol cut site).
GAPDH serves as a genomic DNA control as it has no I-Ppol
site. Data are normalized by IgG control. Data are presented
as meanzs.d., n=3. (E) Hela cells were plated on glasses-like
dishes for micro-irradiation. After recovery for 5 min, cells
were fixed for YH2AX, TMPK and R2 staining and observed
by FluoView 1000 confocal microscope (Olympus). Scale
bar, 10 pm.

FIG.7. Effect of TMPK knockdown on cellular dTTP level
and cell growth. (A) HCT-116 p53™~ stably expressing
TMPK shRNA were extracted for dTTP level determination.
(B) A proportional of cells was plated into 96-well plates. Cell
growth at the indicated time was measured by MTS assay and
data were expressed relative to day 0 that was set arbitrarily to
1 (meanzs.d., n=3; each assay was in quadruplex). Inset indi-
cated the level of TMPK by WB analysis.

FIG. 8. Purified h"TMPK activity assay. TMPK activity
assay of GST-TMPK (WT) and GST-TMPK (D15R) mutant
proteins using conventional TMPK assay.

FIG. 9. Effect of catalytic dead of GFP-TMPK on cellular
dTTP level. After transtection of GFP or GFP-TMPK (D15R)
for 72 hr, HeLa cells were harvested for WB analysis (A) and
dTTP level determination (B) (data represent meants.d.,
n=3).

FIG. 10. The cellular R2 level is correlated to the require-
ment of TMPK in DNA repair. (A) MCF-7, H184B5F5/M10
and MCF-10A cells were transfected with TMPK siRNA and
exposed to doxorubicin and recovered for YH2AX foci stain-
ing (Scare bar, 20 um) as described in legend to FIG. 2B. For
each experiment, more than 100 of cells were counted (n=3).
(B-C) MDA-MB231, MCF-7, H184B5F5/M10 and MCEF-
10A cells were exposed to doxorubicin and recovery as
described above. Cells were harvested at the indicated time
points for Western blotting (B) and flow cytometric analysis
(C). (D) Cells were plated in a 96 well plate at 1,000 per well
for cell growth analysis by MTS assay. After TMPK siRNA
transfection for 36 h, H184B5F5/M 10 cells were treated 500
ng/ml of nocodazole overnight to increase S/G2 cells. A pro-
portion of cells were harvested for Western blotting and FACS
analysis (E). Cells were exposed to doxorubicin (0.2 uM) for
2 h and recovered by replenishing with fresh medium. At
indicated time points cells were fixed for YH2 AX foci staining
and FACS analysis (F). For each experiment, more than 200
cells were counted (n=3).

FIG. 11. The contribution of R2 expression level to DNA
repair impairment induced by TMPK knockdown. MCF-7
cells were transfected with siRNA of TMPK, R2 or TMPK/
R2. 36 h post-transfection a proportion of cells were har-
vested for (A) Western blotting and (B) FACS analysis. (C)
The rest of cells were exposed to doxorubicin (0.1 uM) for 4
h. Cells at indicated time point were analyzed by yYH2AX foci
staining (Scare bar, 20 um). (D) For each experiment, more
than 150 of cells were counted (n=3). (E) MCF-10A cells
stably expressing mCherry or mCherry-R2 by lentiviral
infection were transfected with TMPK siRNA followed by
doxorubicin exposure and recovery. After recovery for 24 h,
cells were fixed for yH2AX foci staining (Scare bar, 20 pum)
and harvested for Western blotting and FACS analysis. For
each experiment, more than 150 of cells were counted (n=3).

FIG. 12. Identification of a novel hTMPK inhibitor. (A) A
screen of TMPK inhibitor by luciferase-coupled assay. (B)
The chemical structures of YMU1 (compound 21) and related
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molecules. (C) Effect of YMUT1 and derivative compounds on
hTMPK inhibition using purified hTMPK protein (0.5 pg)
with 10 min preincubation prior to reaction using luciferase-
coupled TMPK analysis. (D) Effect of YMU1 on activity of
purified TMPK (0.5 pg) and GST-h TK 1 protein (5 pg) with 10
min preincubation prior to reaction. Data represent meanzs.d.
(n=4) (E) Molecular models of the TMPK-YMUT1 complex.
Left panel: TMPK/ATP/Mg+2; right panel: TMPK/YMU1.
The TMPK is represented in surface electrostatic potential
(upper) and structural ribbon (lower). ATP and YMUI1 are
shown in green and blue stick, respectively, with colored atom
(O, red; S, yellow; P, orange). TMP is shown in white back-
bone and Mg+2 in purple. Arrow indicates the position of
Aspl5.

FIG.13. Effect of YMU1 on cellular dTTP level. HCT-116
p53-/- cells were transtected with or without TMPK siRNA
for 2 days and treated with vehicle or YMU1. After 72 h, cells
were harvested for Western blot analysis and dNTP level
determination (mean+s.d., n=3; ** P<0.01 based on a two-
tailed Student’s t-test).

FIG. 14. Effect of YMU1 on genomic toxicity and DNA
repair. (A) HCT-116 p53~'~ cells were infected with lentiviral
shRNA of TMPK or TS. In parallel, cells were treated with
YMUI1 (2 uM) for 2 days, or 5-fluoro-2'deoxyuridine (FdUrd,
2 uM) for 1 day. These cells were fixed for yYH2AX foci
staining and Western blotting analysis. (B) H184B5F5/M10
cells were seeded onto 100 mm-dish at 5,000 cells/dish.
MCF-10A, MCF-7 and HCT-116 p53~" cells were seeded
onto 6 well plate at 600 cells/well. Following overnight cul-
ture, cells were treated with various concentration of YMU1
or FdUrd thrice a week. After 14 days colonies were fixed,
stained by crystal violet. (C) Cells were pre-treated with
vehicle or YMU1 (2 uM) for 72 h prior to doxorubicin (0.1
uM) exposure. After release from doxorubicin treatment,
cells were fixed for yH2AX foci staining at the indicated time.
For each experiment, more than 100 of cells were counted
(n=3). (D) MDA-MB231 cells after vehicle or YMU1 (2 uM)
treatment for 48 h were transfected with pEGFP-N1 or
pEGFP-TMPK plasmid. After overnight, cells were exposed
to doxorubicin and recovered. At 24 h, cells were analyzed by
vH2AX foci staining. For each experiment, 70~100 of GFP
positive cells were counted (n=3). (E-F) MDA-MB231 cells
pre-treated with vehicle or YMU1 (2 uM) for 72 h were
exposed to doxorubicin and recovered for (E) Rad51 foci (F)
XRCC1 foci staining. For each experiment, more than 100 of
cells were counted (n=3). (G) Cells were infected with len-
tiviral LacZ or UNG shRNA for 8 hr. After exposure to
doxorubicin and recovered for 24 h, cells were fixed for
XRCCI1 foci staining. Inset indicates the levels of UNG RNA
transcript by RT-PCR. For each experiment, more than 100 of
cells were counted (n=3). (H-I) MDA-MB231 cells pre-
treated with YMU1 (2 uM) for 48 h were transfected with
indicated plasmid or shRNA. After overnight, cells were
exposed to doxorubicin and recovered. After 24 h, cells were
analyzed by yH2AX foci staining. For each experiment,
70~100 of GFP or YFP positive cells were counted (n=3).

FIG. 15. Impairment of DNA repair efficiency by YMU1
treatment in MDA-MB-231 cells. DNA repair efficiency was
measured by comet assay at indicated time after removal of
doxorubicin (0.1 uM) in MDA-MB231 cells. Image of DNA
comet was acquired and quantified by using scion image
software for tail moment determination. Data were expressed
as meanzs.d. by counting at least 70 comets per sample in 3
independent experiments. **, P<0.01 based on a two-tailed
Student’s t-test.

FIG. 16. In vitro and in vivo effect of YMU1 on doxorubi-
cin sensitization. (A) A panel of cell lines were pre-treated
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with vehicle, YMU1 (compound 21), D6 (ethyl 4-(2-chloro-
acetyl)piperazine-1-carboxylate) or D7 (compound 28) for 3
days and were exposed to different concentration of doxoru-
bicin for 4 h. After 48 h recovery from doxorubicin exposure,
cells were washed with fresh medium for MTS assay and IC,
of doxorubicin was determined. The enhancement (fold) of
doxorubicin sensitivity in each cell line was calculated. Data
represent meanss.d., n=3; each experiment was quadruplex.
Inset indicates the 1C5,, value of doxorubicin in various cell
lines. (B) After treatment with vehicle or YMUT for 72 h, cells
were exposed to 0.1 uM of doxorubicin for 4 h and then
seeded onto 100 mm-dish at 5,000 cells/dish. Following over-
night culture, cells were refreshed with growth medium. After
14 days of culture, colonies were fixed, stained by crystal
violet and counted. (C) HCT-116 p53~'~ cells were subcuta-
neously implanted in the right flank of Balb/c nude mice (each
experimental group n=8). Arrow indicated the time of stop-
ping drug treatment. The tumor volume was estimated as
described in Methods of the Invention section. (D) After 2
weeks recovered from treatment, mice were sacrificed for
tumor weight measurement. Data represent meanzs.e.m; **,
P<0.01 by a two-tailed Student’s t-test. (E) K, 67 proliferation
marker staining of tumor shown in left panel. Scale bar, 50
um. (F) Model of doxorubicin sensitization by YMU1 in
malignant cancer cells. Both R2/R1 and TMPK are recruited
to the site of doxorubicin-induced double-strand breaks,
where dATP, dGTP, dCTP, dTTP and dUTP are site-specific
synthesized. Inhibition of TMPK decreases dTTP formation
at DNA damage sites, causing futile DNA repair due to dUTP
incorporation.

FIG. 17. Doxorubicin sensitization by YMUI1 is through
TMPK inhibition. After transfection with TMPK siRNA for2
days, MDA-MB231 cells were treated with vehicle or YMU1
(2 uM) for 72 h prior to 0.1 uM of doxorubicin exposure and
the cell viability assays were performed after incubating with
fresh medium for 48 h (meanz+s.d., n=3; each assay was in
quadruplex). A proportion of cells were collected for Western
blotting analysis.

FIG. 18. Reversal effect of doxorubicin sensitization with
YMUI1 treatment by overexpression of dUTPase. After 48 h
recovery from doxorubicin exposure, MDA-M B231 cells
were stained with Annexin V-PE for apoptosis analysis. Per-
centage of GFP cells positive in Annexin V-PE staining is
shown (meanzxs.d., n=3; *, P<0.05, two-tailed Student’s
t-test, >50 of GFP positive cells were counted in each experi-
ment).

FIG. 19. No effect of YMU1 on dUTPase activity. 0.1 pg of
purified GST-dUTPase protein was incubated with the indi-
cated concentration of YMUT1 for 10 min prior to action using
dUTPase activity analysis.

FIG. 20. Verification of antibodies specificity. Cells were
infected with lentiviral TMPK shRNA, dUTPase shRNA or
transfected with R2 siRNA. After infection or transfection for
72 h, cells were harvested for WB analysis using indicated
antibodies.

DETAILED DESCRIPTION OF THE INVENTION

Unless otherwise defined, all technical terms used herein
have the same meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs.

To facilitate understanding of the present application and
for ease of reference, a number of terms and abbreviations as
used herein are defined below.

As used herein, the terms “treating” and “treatment” are
used to refer to administration or application of a therapeutic
agent to a subject or performance of a procedure or modality
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on a subject for the purpose of obtaining a therapeutic benefit
of a disease or health-related condition.

As used herein, the terms “preventing,” “inhibiting,”
“reducing” or any variation of these terms, includes any mea-
surable decrease or complete inhibition to achieve a desired
result. For example, there may be a decrease of 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, 99% or more, or any
range derivable therein, reduction of activity or symptoms,
compared to normal.

As used herein, the terms “administered” and “delivered”
are used to describe the process by which a composition of the
present invention is administered or delivered to a subject, a
target cell or are placed in direct juxtaposition with the target
cell. The terms “administered” and “delivered” are used inter-
changeably.

As used herein, the terms “patient,” “subject” and “indi-
vidual” are used interchangeably herein, and mean a mam-
malian (e.g., human) subject to be treated and/or to obtain a
biological sample from.

As used herein, the term “effective” means adequate to
accomplish a desired, expected, or intended result. For
example, an “effective amount” may be an amount of a com-
pound sufficient to produce a therapeutic benefit.

As used herein, the terms “therapeutically eftective” or
“therapeutically beneficial” refers to anything that promotes
or enhances the well-being of the subject with respect to the
medical treatment of a condition. This includes, but is not
limited to, a reduction in the onset, frequency, duration, or
severity of the signs or symptoms of a disease.

As used herein, the term “therapeutically effective
amount” is meant an amount of a composition as described
herein effective to yield the desired therapeutic response.

As used herein, the terms “diagnostic,” “diagnose” and
“diagnosed” mean identifying the presence or nature of a
pathologic condition.

Asused herein, the term “safe and effective amount” refers
to the quantity of a component which is sufficient to yield a
desired therapeutic response without undue adverse side
effects (such as toxicity, irritation, or allergic response) com-
mensurate with a reasonable benefit/risk ratio when used as
described herein.

The specific safe and effective amount or therapeutically
effective amount will vary with such factors as the particular
condition being treated, the physical condition of the patient,
the type of mammal or animal being treated, the duration of
the treatment, the nature of concurrent therapy (if any), and
the specific formulations employed and the structure of the
compounds or its derivatives.

As used herein, the term “alky]” (alone or in combination
with another term(s)) refers to a saturated aliphatic hydrocar-
bon radical including straight chain and branched chain
groups of 1 to 20 carbon atoms (whenever a numerical range;
e.g. “1-20”, is stated herein, it means that the group, in this
case the alkyl group, may contain 1 carbon atom, 2 carbon
atoms, 3 carbon atoms, etc. up to and including 20 carbon
atoms). Alkyl groups containing from 1 to 4 carbon atoms are
referred to as lower alkyl groups. When said lower alkyl
groups lack substituents, they are referred to as unsubstituted
lower alkyl groups. More preferably, an alkyl group is a
medium size alkyl having 1 to 10 carbon atoms e.g., methyl,
ethyl, propyl, 2-propyl, n-butyl, iso-butyl, tert-butyl, pentyl,
and the like. Most preferably, it is a lower alkyl having 1 to 4
carbon atoms e.g., methyl, ethyl, propyl, 2-propyl, n-butyl,
iso-butyl, or tert-butyl, and the like. The alkyl group may be
substituted or unsubstituted. When substituted, the substitu-
ent group(s) is preferably one or more, more preferably one to
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three, even more preferably one or two substituent(s) inde-
pendently selected from the group consisting of halo,
hydroxy, unsubstituted lower alkoxy, aryl optionally substi-
tuted with one or more groups, preferably one, two or three
groups which are independently of each other halo, hydroxy,
unsubstituted lower alkyl or unsubstituted lower alkoxy
groups, aryloxy optionally substituted with one or more
groups, preferably one, two or three groups which are inde-
pendently of each other halo, hydroxy, unsubstituted lower
alkyl or unsubstituted lower alkoxy groups, 6-member het-
eroaryl having from 1 to 3 nitrogen atoms in the ring, the
carbons in the ring being optionally substituted with one or
more groups, preferably one, two or three groups which are
independently of each other halo, hydroxy, unsubstituted
lower alkyl or unsubstituted lower alkoxy groups, S-member
heteroaryl having from 1 to 3 heteroatoms selected from the
group consisting of nitrogen, oxygen and sulfur, the carbon
and the nitrogen atoms in the group being optionally substi-
tuted with one or more groups, preferably one, two or three
groups which are independently of each other halo, hydroxy,
unsubstituted lower alkyl or unsubstituted lower alkoxy
groups, 5- or 6-member heterocyclic group having from 1 to
3 heteroatoms selected from the group consisting of nitrogen,
oxygen and sulfur, the carbon and nitrogen (if present) atoms
in the group being optionally substituted with one or more
groups, preferably one, two or three groups which are inde-
pendently of each other halo, hydroxy, unsubstituted lower
alkyl or unsubstituted lower alkoxy groups, mercapto, (un-
substituted lower alkyl)thio, arylthio optionally substituted
with one or more groups, preferably one, two or three groups
which are independently of each other halo, hydroxy, unsub-
stituted lower alkyl or alkoxy groups, cyano, acyl, thioacyl,
O-carbamyl, N-carbamyl, O-thiocarbamyl, N-thiocarbamyl,
C-amido, N-amido, nitro, N-sulfonamido, S-sulfonamido,
RS(0O)—, RS(0),—, —C(O)OR, RC(O)O—, and NR ;R ,,
wherein R,; and R, are independently selected from the
group consisting of hydrogen, unsubstituted lower alkyl, tri-
halomethyl, cycloalkyl, heterocyclic and aryl optionally sub-
stituted with one or more, groups, preferably one, two or three
groups which are independently of each other halo, hydroxy,
unsubstituted lower alkyl or unsubstituted lower alkoxy
groups.

Preferably, the alkyl group is substituted with one or two
substituents independently selected from the group consist-
ing of hydroxy, 5- or 6-member heterocyclic group having
from 1 to 3 heteroatoms selected from the group consisting of
nitrogen, oxygen and sulfur, the carbon and nitrogen (if
present) atoms in the group being optionally substituted with
one or more groups, preferably one, two or three groups
which are independently of each other halo, hydroxy, unsub-
stituted lower alkyl or unsubstituted lower alkoxy groups,
5-member heteroaryl having from 1 to 3 heteroatoms selected
from the group consisting of nitrogen, oxygen and sulfur, the
carbon and the nitrogen atoms in the group being optionally
substituted with one or more groups, preferably one, two or
three groups which are independently of each other halo,
hydroxy, unsubstituted lower alkyl or unsubstituted lower
alkoxy groups, 6-member heteroaryl having from 1 to 3 nitro-
gen atoms in the ring, the carbons in the ring being optionally
substituted with one or more groups, preferably one, two or
three groups which are independently of each other halo,
hydroxy, unsubstituted lower alkyl or unsubstituted lower
alkoxy groups, or—NR ;R ,, wherein R, ; and R, , are inde-
pendently selected from the group consisting ot hydrogen and
alkyl. Even more preferably the alkyl group is substituted
with one or two substituents which are independently of each
other hydroxy, dimethylamino, ethylamino, diethylamino,
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dipropylamino, pyrrolidino, piperidino, morpholino, piper-
azino, 4-lower alkylpiperazino, phenyl, imidazolyl, pyridi-
nyl, pyridazinyl, pyrimidinyl, oxazolyl, triazinyl, and the like.

As used herein, the term “aromatic”, “ar” or “aryl” (alone
or in combination with another term(s)) refer to aromatic
cyclic groups (for example 6 membered monocyclic, 10
membered bicyclic or 14 membered tricyclic ring systems)
which contain 6 to about 14 carbon atoms. Exemplary aro-
matic groups include phenyl, naphthyl, biphenyl, indenyl,
and anthracene.

As used herein, the term “halogen” (alone or in combina-
tion with another term(s)) refers to a fluorine substituent
(“fluoro,” which may be depicted as —F), chlorine substitu-
ent (“chloro,” which may be depicted as —Cl), bromine sub-
stituent (“bromo,” which may be depicted as —Br), or iodine
substituent (“iodo,” which may be depicted as —I).

As used herein, the term “cycloalkyl” refers to a 3 to 8
member all-carbon monocyclic ring, an all-carbon 5-mem-
ber/6-member or 6-member/6-member fused bicyclic ring or
a multicyclic fused ring (a “fused” ring system means that
each ring in the system shares an adjacent pair of carbon
atoms with each other ring in the system) group wherein one
or more of the rings may contain one or more double bonds
but none of the rings has a completely conjugated pi-electron
system.

Examples, without limitation, of cycloalkyl groups are
cyclopropane, cyclobutane, cyclopentane, cyclopentene,
cyclohexane, cyclohexadiene, adamantane, cycloheptane,
cycloheptatriene, and the like. A cycloalkyl group may be
substituted or unsubstituted. When substituted, the substitu-
ent group(s) is preferably one or more, more preferably one or
two substituents, independently selected from the group con-
sisting of unsubstituted lower alkyl, trihaloalkyl, halo,
hydroxy, unsubstituted lower alkoxy, aryl optionally substi-
tuted with one or more, preferably one or two groups inde-
pendently of each other halo, hydroxy, unsubstituted lower
alkyl or unsubstituted lower alkoxy groups, aryloxy option-
ally substituted with one or more, preferably one or two
groups independently of each other halo, hydroxy, unsubsti-
tuted lower alkyl or unsubstituted lower alkoxy groups,
6-member heteroaryl having from 1 to 3 nitrogen atoms in the
ring, the carbons in the ring being optionally substituted with
one or more, preferably one or two groups independently of
each other halo, hydroxy, unsubstituted lower alkyl or unsub-
stituted lower alkoxy groups, 5-member heteroaryl having
from 1 to 3 heteroatoms selected from the group consisting of
nitrogen, oxygen and sulfur, the carbon and nitrogen atoms of
the group being optionally substituted with one or more,
preferably one or two groups independently of each other
halo, hydroxy, unsubstituted lower alkyl or unsubstituted
lower alkoxy groups, 5- or 6-member heterocyclic group
having from 1 to 3 heteroatoms selected from the group
consisting of nitrogen, oxygen and sulfur, the carbon and
nitrogen (if present) atoms in the group being optionally
substituted with one or more, preferably one or two groups
independently of each other halo, hydroxy, unsubstituted
lower alkyl or unsubstituted lower alkoxy groups, mercapto,
(unsubstituted lower alkyl)thio, arylthio optionally substi-
tuted with one or more, preferably one or two groups inde-
pendently of each other halo, hydroxy, unsubstituted lower
alkyl or unsubstituted lower alkoxy groups, cyano, acyl,
thioacyl, O-carbamyl, N-carbamyl, O-thiocarbamyl, N-thio-
carbamyl, C-amido, N-amido, nitro, N-sulfonamido, S-sul-
fonamido, RS(O)—, RS(0),—, —C(O)OR, RC(O)—, and
—NR, ;R |, are as defined above.

As used herein, the term “alkenyl” (alone or in combina-
tion with another term(s)) refers to a lower alkyl group, as
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defined herein, consisting of at least two carbon atoms and at
least one carbon-carbon double bond. Representative
examples include, but are not limited to, ethenyl, 1-propenyl,
2-propenyl, 1-, 2-, or 3-butenyl, and the like.

As used herein, the term “alkynyl” (alone or in combina-
tion with another term(s)) refers to a lower alkyl group, as
defined herein, consisting of at least two carbon atoms and at
least one carbon-carbon triple bond. Representative examples
include, but are not limited to, ethynyl, 1-propynyl, 2-propy-
nyl, 1-, 2-, or 3-butynyl, and the like.

As used herein, the term “aryl” refers to an all-carbon
monocyclic or fused-ring polycyclic (i.e., rings which share
adjacent pairs of carbon atoms) groups of 1 to 12 carbon
atoms having a completely conjugated pi-electron system.
Examples, without limitation, of aryl groups are phenyl,
naphthalenyl and anthracenyl. The aryl group may be substi-
tuted or unsubstituted. When substituted, the substituted
group(s) is preferably one or more, more preferably one, two
or three, even more preferably one or two, independently
selected from the group consisting of unsubstituted lower
alkyl, trihaloalkyl, halo, hydroxy, unsubstituted lower alkoxy,
mercapto, (unsubstituted lower alkyl)thio, cyano, acyl, thioa-
cyl, O-carbamyl, N-carbamyl, O-thiocarbamyl, N-thiocar-
bamyl, C-amido, N-amido, nitro, N-sulfonamido, S-sulfona-
mido, RS(O)—, RS(O).sub.2-, —C(O)OR, RC(O)—, and
—NR, ;R 4, with R,; and R, as defined above. Preferably,
the aryl group is optionally substituted with one or two sub-
stituents independently selected from halo, unsubstituted
lower alkyl, trihaloalkyl, hydroxy, mercapto, cyano,
N-amido, mono or dialkylamino, carboxy, or N-sulfonamido.

As used herein, the term “heteroaryl” refers to a monocy-
clic or fused ring (i.e., rings which share an adjacent pair of
atoms) group of 5 to 12 ring atoms containing one, two, or
three ring heteroatoms selected from N, O, or S, the remain-
ing ring atoms being C, and, in addition, having a completely
conjugated pi-electron system. Examples, without limitation,
of unsubstituted heteroaryl groups are pyrrole, furan,
thiophene, imidazole, oxazole, thiazole, pyrazole, pyridine,
pyrimidine, quinoline, isoquinoline, purine and carbazole.
The heteroaryl group may be substituted or unsubstituted.
When substituted, the substituted group(s) is preferably one
or more, more preferably one, two, or three, even more pref-
erably one or two, independently selected from the group
consisting of unsubstituted lower alkyl, trihaloalkyl, halo,
hydroxy, unsubstituted lower alkoxy, mercapto, (unsubsti-
tuted lower alkyl)thio, cyano, acyl, thioacyl, O-carbamyl,
N-carbamyl, O-thiocarbamyl, N-thiocarbamyl, C-amido,
N-amido, nitro, N-sulfonamido, S-sulfonamido, RS(O)—,
RS(0).sub.2-, —C(O)OR, RC(O)—, and —NR, ;R ,, with
R,;andR, , as defined above. Preferably, the heteroaryl group
is optionally substituted with one or two substituents inde-
pendently selected from halo, unsubstituted lower alkyl, tri-
haloalkyl, hydroxy, mercapto, cyano, N-amido, mono or
dialkylamino, carboxy, or N-sulfonamido.

As used herein, the term “Heterocyclic” refers to a mono-
cyclic or fused ring group having in the ring(s) of 5 to 9 ring
atoms in which one or two ring atoms are heteroatoms
selected from N, O, or S(O)n (where n is an integer from O to
2), the remaining ring atoms being C. The rings may also have
one or more double bonds. However, the rings do not have a
completely conjugated pi-electron system. Examples, with-
out limitation, of unsubstituted heterocyclic groups are pyr-
rolidino, piperidino, piperazino, morpholino, thiomor-
pholino, homopiperazino, and the like. The heterocyclic ring
may be substituted or unsubstituted. When substituted, the
substituted group(s) is preferably one or more, more prefer-
ably one, two or three, even more preferably one or two,
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independently selected from the group consisting of unsub-
stituted lower alkyl, trihaloalkyl, halo, hydroxy, unsubstituted
lower alkoxy, mercapto, (unsubstituted lower alkyl)thio,
cyano, acyl, thioacyl, O-carbamyl, N-carbamyl, O-thiocar-
bamyl, N-thiocarbamyl, C-amido, N-amido, nitro, N-sul-
fonamido, S-sulfonamido, RS(O)—, RS(O).sub.2-, —C(O)
OR, RC(O)—, and —NR ;R ,, with R, ; and R, , as defined
above. Preferably, the heterocyclic group is optionally sub-
stituted with one or two substituents independently selected
from halo, unsubstituted lower alkyl, trihaloalkyl, hydroxy,
mercapto, cyano, N-amido, mono or dialkylamino, carboxy,
or N-sulfonamido.

Preferably, the heterocyclic group is optionally substituted
with one or two substituents independently selected from
halo, unsubstituted lower alkyl, trihaloalkyl, hydroxy, mer-
capto, cyano, N-amido, mono or dialkylamino, carboxy, or
N-sulfonamido.

As used herein, the term “Hydroxy” refers to an —OH
group.

As used herein, the term “Alkoxy” refers to both an —O-
(unsubstituted alkyl) and an —O-(unsubstituted cycloalkyl)
group. Representative examples include, but are not limited
to, e.g., methoxy, ethoxy, propoxy, butoxy, cyclopropyloxy,
cyclobutyloxy, cyclopentyloxy, cyclohexyloxy, and the like.

As used herein, the term “Aryloxy” refers to both an —O-
aryl and an O-heteroaryl group, as defined herein. Represen-
tative examples include, but are not limited to, phenoxy,
pyridinyloxy, furanyloxy, thienyloxy, pyrimidinyloxy,
pyrazinyloxy, and the like, and derivatives thereof.

The terms “heterocycle”, “heterocyclic” or “heterocyclo”
(alone or in combination with another term(s)) refer to fully
saturated (i.e., “heterocycloalkyl”), non-aromatic partially-
saturated (i.e., “heterocycloalkenyl”), or heterocylic aromatic
(i.e. “heteroaryl”) ring structure, typically having 3 to about
20 carbon atoms, more typically having 3 to about 14 carbon
atoms. For example, the heterocyclic group may a 4 to about
7 membered monocyclic ring systems, a 7 to about 11 mem-
bered bicyclic ring systems, or a 10 to about 15 membered
tricyclic ring systems, which have at least one heteroatom in
at least one carbon atom-containing ring. Each ring of the
heterocyclic group containing a heteroatom may have 1, 2, 3
or 4 heteroatoms selected from nitrogen atoms, oxygen atoms
and/or sulfur atoms, where the nitrogen and sulfur heteroat-
oms may optionally be oxidized and the nitrogen heteroatoms
may optionally be quaternized. The heterocyclic group may
be attached at any heteroatom or carbon atom of the ring or
ring system.

A heterocyclyl may be a single ring, which typically con-
tains from 3 to 7 ring atoms, more typically from 3 to 6 ring
atoms, and even more typically 5 to 6 ring atoms. Examples of
single-ring heterocyclyls include furanyl, thienyl (also
known as “thiophenyl” and “thiofuranyl”), oxazolyl, isox-
azolyl, thiazolyl, isbthiazolyl, thiodiazolyl, oxadiazolyl (in-
cluding 1,2,3-oxadiazolyl, 1,2,4-oxadiazolyl (also known as
“azoximyl”), 1,2,5-oxadiazolyl (also known as “furazanyl”),
and 1,3,4-oxadiazolyl), pyrrolyl, pyrazolyl, imidazolyl, tria-
zolyl, tetrazolyl, oxathiazolyl, oxatriazolyl (including 1,2.3,
4-oxatriazolyl and 1,2,3,5-oxatriazolyl), pyridinyl, diazinyl
(including pyridazinyl (also known as “1,2-diazinyl”), pyri-
midinyl (also known as “1,3-diazinyl”), and pyrazinyl (also
known as “1,4-diazinyl”)), triazinyl (including s-triazinyl
(also known as “1,3,5-triazinyl”), as-triazinyl (also known
1,2,4-triazinyl), and v-triazinyl (also known as “1,2,3-triazi-
nyl”)), oxathiazinyl (including 1,2,5-oxathiazinyl and 1,2,6-
oxathiazinyl), oxepinyl, thiepinyl, dihydrofuranyl, tetrahy-
drofuranyl, dihydrothienyl (also known as
“dihydrothiophenyl”), tetrahydrothienyl (also known as “tet-
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rahydrothiophenyl”), isopyrrolyl, pyrrolinyl, pyrrolidinyl,
isoimidazolyl, imidazolinyl, imidazolidinyl, pyrazolinyl,
pyrazolidinyl, dithiolyl, oxathiolyl, oxathiolanyl, oxazolidi-
nyl, isoxazolidinyl, thiazolinyl, isothiazolinyl, thiazolidinyl,
isothiazolidinyl, dioxazolyl (including 1,2,3-dioxazolyl, 1,2,
4-dioxazolyl, 1,3,2-dioxazolyl, and 1,3,4-dioxazolyl), pyra-
nyl (including 1,2-pyranyl and 1,4-pyranyl), dihydropyranyl,
tetrahydropyranyl, piperidinyl, piperazinyl, oxazinyl (includ-
ing 1,2,3-oxazinyl, 1,3,2-oxazinyl, 1,3,6-oxazinyl (also
known as “pentoxazolyi”), 1,2,6-oxazinyl, and 1,4-oxazinyl),
isoxaziny! (including o-isoxazinyl and p-isoxazinyl), oxadi-
azinyl (including 1,4,2-oxadiazinyl and 1,3,5,2-oxadiazinyl),
morpholinyl, azepinyl, and diazepinyl.

Exemplary monocyclic heterocyclic groups include pyrro-
lidinyl, pyrrolyl, pyrazolyl, oxetanyl, pyrazolinyl, imida-
zolyl, imidazolinyl, imidazolidinyl, oxazolyl, oxazolidinyl,
isoxazolinyl, isoxazolyl, thiazolyl, thiadiazolyl, thiazolidi-
nyl, isothiazolyl, isothiazolidinyl, furyl, tetrahydrofuryl, thie-
nyl, oxadiazolyl, piperidinyl, piperazinyl, 2-oxopiperazinyl,
2-oxopiperidinyl, 2-oxopyrrolodinyl, 2-oxoazepinyl, azepi-
nyl, 4-piperidonyl, pyridinyl, pyrazinyl, pyrimidinyl,
pyridazinyl, tetrahydropyranyl, morpholinyl, thiamorpholi-
nyl, thiamorpholinyl sulfoxide, thiamorpholinyl sulfone, 1,3-
dioxolane and tetrahydro-1,1-dioxothienyl, triazolyl, triazi-
nyl, and the like.

A heterocyclyl alternatively may be from 2 to 5 (more
typically from 2 or 3) rings fused together, such as, for
example, indolizinyl, pyranopyrrolyl, purinyl, imidazopy-
razinyl, imidazolopyridazyl, pyridopyridinyl (including
pyrido|3,4-b]-pyridinyl, pyrido[3,2-b]-pyridinyl, pyrido[4,3-
b]-pyridinyl, and naphthyridinyl), pteridinyl, pyridazinotet-
razinyl, pyrazinotetrazinyl, pyrimidinotetrazinyl, pyrindinyl,
pyrazolopyrimidinyl, pyrazolopyrazinyl, pyrazolopyridazyl,
or 4H-quinolizinyl. In some embodiments, the multi-ring
heterocyclyls are indolizinyl, pyranopyrrolyl, purinyl, pyri-
dopyridinyl, pyrindinyl, and 4H-quinolizinyl.

Exemplary bicyclic heterocyclic groups include indolyl,
benzothiazolyl, benzoxazolyl, benzodioxolyl, benzothienyl,
quinuclidinyl, quinolinyl, tetrahydroisoquinolinyl, isoquino-
linyl, benzimidazolyl, benzopyranyl, indolizinyl, benzofuryl,
chromonyl, coumarinyl, benzopyranyl, cinnolinyl, quinox-
alinyl, indazolyl, pyrrolopyridyl, furopyridinyl (such as furo
[2,3-c]pyridinyl, furo[3,2-b]pyridinyll or furo[2,3-b]|pyridi-
nyl), dihydroisoindolyl, dihydroquinazolinyl (such as 3,4-
dihydro-4-oxo-quinazolinyl), tetrahydroquinolinyl and the
like.

Exemplary tricyclic heterocyclic groups include carba-
zolyl, benzidolyl, phenanthrolinyl, acridinyl, phenanthridi-
nyl, xanthenyl and the like.

Other examples of fused-ring heterocyclyls include benzo-
fused heterocyclyls, such as, for example, benzofuranyl (also
known as “coumaronyl”), isobenzofuranyl, benzoxazolyl,
benzoisoxazolyl (also known as “indoxazinyl”), anthranilyl,
benzothienyl (also known as “benzothiophenyl,” “thionaph-
thenyl,” and “benzothiofuranyl”), isobenzothienyl (also
known as “isobenzothiophenyl,” “isothionaphthenyl,” and
“isobenzothiofuranyl”), benzothiazolyl, benzoisothiazolyl,
benzothiadiazolyl, benzoxadiazolyl, indolyl, isoindazolyl
(also known as “benzpyrazolyl”), benzoimidazolyl, benzot-
riazolyl, benzazinyl (including quinolinyl (also known as
“1-benzaziny!l”) and isoquinolinyl (also known as “2-benza-
zinyl”)), phthalazinyl, quinoxalinyl, benzodiazinyl (includ-
ing cinnolinyl (also known as “1,2-benzodiazinyl”) and
quinazolinyl (also known as “1,3-benzodiazinyl”)), ben-
zoimidazothiazolyl, carbazolyl, acridinyl, isoindolyl, indo-
leninyl (also known as “pseudoindolyl”), benzodioxolyl,
chromanyl, isochromanyl, thiochromanyl, isothiochromanyl,
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chromenyl, isochromenyl, thiochromenyl, isothiochromenyl,
benzodioxanyl, tetrahydroisoquinolinyl, benzoxazinyl (in-
cluding 1,3,2-benzoxazinyl, 1,4,2-benzoxazinyl, 2,3,1-ben-
zoxazinyl, and 3,1,4-benzoxazinyl), benzoisoxazinyl (in-
cluding 1,2-benzisoxazinyl and 1,4-benzisoxazinyl),
benzoxadiazinyl, and xanthenyl. In some embodiments, the
benzo-fused heterocyclyls are benzofuranyl, isobenzofura-
nyl, benzoxazolyl, benzoisoxazolyl, anthranilyl, benzothie-
nyl, isobenzothienyl, benzothiazolyl, benzothiadiazolyl, ben-
zoxadiazolyl, indolyl, isoindazolyl, benzoimidazolyl,
benzotriazolyl, benzazinyl, phthalazinyl, quinoxalinyl, ben-
zodiazinyl, carbazolyl, acridinyl, isoindolyl, indoleninyl,
benzodioxolyl, chromanyl, isochromanyl, thiochromanyl,
benzodioxanyl, tetrahydroisoquinolinyl, benzoxazinyl, ben-
zoisoxazinyl, and xanthenyl.

As used herein, the term “heteroaryl” (alone or in combi-
nation with another term(s)) refers to an aromatic heterocy-
clyltypically containing from 5 to 14 ring atoms. A heteroaryl
may be a single ring or multiple (typically 2 or 3) fused rings.
Such moieties include, for example, S-membered rings such
as furanyl, thienyl, oxazolyl, isoxazolyl, thiazolyl, isothiaz-
olyl, thiodiazolyl, oxadiazolyl, pyrrolyl, pyrazolyl, imida-
zolyl, triazolyl, tetrazolyl, oxathiazolyl, and oxatriazolyl;
6-membered rings such as pyridinyl, pyrazinyl, pyrimidinyl,
pyridazinyl, triazinyl, and oxathiazinyl; 7-membered rings
such as oxepinyl and thiepinyl; 6/5-membered fused-ring
systems such as benzofuranyl, isobenzofuranyl, benzox-
azolyl, benzoisoxazolyl, anthranilyl, benzothienyl, isoben-
zothienyl, benzothiazolyl, benzoisothiazolyl, benzothiadiaz-
olyl, indolizinyl, pyranopyrrolyl, benzoxadiazolyl, indolyl,
isoindazolyl, benzoimidazolyl, benzotriazolyl, purinyl, imi-
dazopyrazinyl, and imidazolopyridazyl; and 6/6-membered
fused-ring systems such as quinolinyl, isoquinolinyl, pyri-
dopyridinyl, phthalazinyl, quinoxalinyl, benzodiazinyl, pte-
ridinyl, pyridazinotetrazinyl, pyrazinotetrazinyl, pyrimidi-
notetrazinyl, benzoimidazothiazolyl, carbazolyl, and
acridinyl. In some embodiments, the 5-membered rings
include furanyl, thienyl, oxazolyl, isoxazolyl, thiazolyl,
isothiazolyl, oxadiazolyl, pyrazolyl, and imidazolyl; the
6-membered rings include pyridinyl, pyrazinyl, pyrimidinyl,
pyridazinyl, and triazinyl; the 6/5-membered fused-ring sys-
tems include benzoxazolyl, benzoisoxazolyl, anthranilyl,
benzothienyl, isobenzothienyl, and purinyl; and the 6/6-
membered fused-ring systems include quinolinyl, isoquino-
linyl, and benzodiazinyl.

Exemplary heteroaryl groups include pyrrolyl, pyrazolyl,
imidazolyl, oxazolyl, isoxazolyl, thiazolyl, thiadiazolyl,
isothiazolyl, furyl, thienyl, oxadiazolyl, pyridinyl, pyrazinyl,
pyrimidinyl, pyridazinyl, triazolyl, triazinyl, and the like.

As used herein, the term “hydrogen” (alone or in combi-
nation with another term(s)) refers to a hydrogen substituent
and may be depicted as —H.

As used herein, the term “hydroxy” (alone or in combina-
tion with another term(s)) refers —OH.

As used herein, the term “nitro” (alone or in combination
with another term(s)) refers to —NO.,.

As used herein, the term “substitution” refers to a com-
pound having a substituent comprising at least one carbon,
nitrogen, oxygen, or sulfur atom that is bonded to one or more
hydrogen atoms. If a substituent is described as being “sub-
stituted,” a non-hydrogen substituent is in the place of a
hydrogen on a carbon, nitrogen, oxygen, or sulfur of the
substituent. Thus, for example, a substituted alkyl substituent
is an alkyl substituent wherein at least one non-hydrogen
substituent is in the place of a hydrogen on the alkyl substitu-
ent. To illustrate, monofluoroalkyl is alkyl substituted with a
fluoro, and difluoroalkyl is alkyl substituted with two fluoros.
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It should be recognized that if there are more than one sub-
stitutions on a substituent, each non-hydrogen substituent
may be identical or different (unless otherwise stated).

Asused herein, the terms “contacted” and “exposed” when
applied to a cell, are used to describe the process by which a
compound of the present invention is administered or deliv-
ered to a target cell or are placed in direct juxtaposition with
the target cell. The terms “administered” and “delivered” are
used interchangeably with “contacted” and “exposed”.

If a substituent is described as being “optionally substi-
tuted,” the substituent is either (1) substituted, or (2) not
substituted. When the members of a group of substituents are
described generally as being optionally substituted, any atom
capable of substitution in each member of such group may be
(1) substituted, or (2) not substituted. Such a characterization
contemplates that some members of the group are not substi-
tutable. Atoms capable of substitution include, for example,
carbon bonded to at least one hydrogen, oxygen bonded to at
least one hydrogen, sulfur bonded to at least one hydrogen, or
nitrogen bonded to at least one hydrogen. On the other hand,
hydrogen alone, halogen, oxo, and cyano do not fall within
the definition of being capable of substitution.

Although methods and compositions similar or equivalent
to those described herein can be used in the practice or testing
of the present invention, suitable methods and compositions
are described below.

Itis specifically contemplated that any limitation discussed
with respect to one embodiment ofthe invention may apply to
any other embodiment of the invention. Furthermore, any
composition of the invention may be used in any method of
the invention, and any method of the invention may be used to
produce or to utilize any composition of the invention.

The particular embodiments discussed below are illustra-
tive only and not intended to be limiting.

TMPK and TMPK Inhibitors

The present invention is directed to novel compositions and
therapeutics comprising TMPK inhibitors and methods ofuse
in treating or preventing cancers. Specifically, the present
invention provides that thymidylate kinase (TMPK) is impor-
tant for dTDP formation, while dADP, dGDP, dCDP and
dUDP can be directly produced in reactions catalyzed by
ribonucleotide reductase (RNR). The present invention
reports TMPK and RNR binding at DNA damage-site and
that intervention of the function of TMPK affects repair of
DNA double-strand breaks by causing dUTP incorporation in
tumor cells. These dUTP-mediated lesions can be prevented
by disrupting RNR damage-site recruitment or decreasing the
expression level of R2 subunit of RNR in tumor cells, sug-
gesting the contribution of elevated function of RNR at DNA
damage-site to dUTP incorporation.

Using RNA interference, the present invention provides
that TMPK knockdown significantly increases the sensitivity
of HCT-116 colon cancer cells to doxorubicin, a topoi-
somerase Il inhibitor that induces DNA (DSBs), regardless of
p53 status (Hu and Chang, 2008). In comparison, TS knock-
down has a rather limiting effect in sensitizing p53-deficient
cells to doxorubicin because of the complementation of TK-
mediated dTMP formation. Importantly, the present inven-
tion provides that TMPK knockdown does not, on its own,
activate DNA damage responses. It thus functions in a way
that is quite distinct from that of anti-metabolites used in
conventional anti-cancer therapies, which directly induce
genotoxicity (Garg et al., 2010).

Unlike blocking RNR which results in replication stress
with DNA damage response (Helleday et al., 2008), TMPK
knockdown cells are still capable of proliferating and are
viable (Hu and Chang, 2008). Given the essential function of



US 9,278,982 B2

21

TMPK in dTDP formation, this may be because human tumor
cells might contain TMPK isoform. However, it is hard to
understand why TMPK knockdown, like blocking RNR, pro-
foundly affects DNA repair in tumor cells. A recent report
demonstrates RNR recruitment to DNA damage sites as a
result of an interaction with Tip60 via the C-terminal region
of the R1 subunit (Niida et al., 2010a). Disruption of RNR
recruitment to DNA damage site affects DSBs repair in G1
but not S phase cells, which is attributed to the low levels of
dNTP pools in GO/G1 phase, making site-specific production
of dNTPs by RNR critical for DNA repair in these cells
(Hakansson et al., 2006). The present invention illustrates
DNA damage-site association of TMPK, and that high
expression level of R2 of RNR at DNA damage-site without
TMPK functional coupling can lead to toxic repair due to
dUTP incorporation in proliferating tumor cells. Thus, the
present invention provides that the context of R2 elevation
makes TMPK as the Achilles heel in tumor for doxorubicin
sensitization.

The present invention provides the identification of novel
inhibitors of TMPK, which sensitizes tumor cells to doxoru-
bicin in vitro and in vivo and did not produce genotoxic
effectsin cells or mice. Thus, the novel inhibitors described in
the present invention provide a new opportunity in develop-
ing mild anti-cancer therapies that can prime tumor cells to
sublethal doses of doxorubicin treatment to achieve lethality
while having minimal side effects in normal cycling cells.

Accordingly, the present invention provides novel TMPK
inhibitors that are useful in the treatment or prevention of
cancet.

In one embodiment of the present invention, a composition
for inhibiting thymidylate kinase (TMPK) comprising a
therapeutically effective amount of formula (I) is provided:

\ @
i O
R3
AN
/N—Rl
R? X/ Y
wherein
X—CHorN;

Y=S, SO,, O, C=0, or NR’, wherein R® is a substituent
selected from the group consisting of hydrogen, a straight,
branched or cyclic alkyl group, aralkyl, heteroaralkyl, het-
eroarakenyl, aryl, heteroaryl, optionally substituted with one
ormore substituents such as halogen, alkyl, hydroxyl, alkoxy,
amino, nitro, cyano and carbonyl;

R!=—(CH,),COR®, wherein n is 0, 1, 2, or 3; and

R?, R?, R* and R® are substituents independently selected
from the group consisting of hydrogen, a straight, branched or
cyclic alkyl group, a straight, branched or cyclic alkenyl
group, a straight, branched or cyclic alkoxyl group, fluoro-
alkyl, perfluoroalkyl, aralkyl, arakenyl, arakynyl, het-
eroaralkyl, heteroarakenyl, heteroarakynyl, aryl, heteroaryl,
optionally substituted with one or more substituents such as
halogen, alkyl, hydroxyl, alkoxy, amino, nitro, cyano and
carbonyl;

or a pharmaceutically acceptable salt, hydrate or solvate
thereof.

30

40

50

55

22

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

O
NH
/
S
2
O
NH
/
S
0,
3
4

In some embodiments of the present invention, the com-
position comprises the following structure:

COLO

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:
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-continued

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

Cﬁsﬁi}NC%J H
Qf O I@N%:% u
IO+

In some embodiments of the present invention, the com-
position comprises the following structure:
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In some embodiments of the present invention, the com-
position comprises at least one of the following structures:
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In some embodiments of the present invention, the com-
position comprises the following structure:

@Q}JO\*@N%:+

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:

18

19
O, —\
N (6]
/
20

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:
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22

In some embodiments of the present invention, the com-
position comprises the following structure:

23
(6]

A~
/N

In some embodiments of the present invention, the com-
position comprises the following structure:

24

o OO

In some embodiments of the present invention, the com-
position comprises at least one of the following structures:
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In some embodiments, the compositions of the present
invention are capable of inhibiting TMPK activity. In other
embodiments, the compositions of the present invention are
capable of inhibiting cellular dTTP levels. In some embodi-
ments, the compositions of the present invention are capable
of inhibiting tumor growth, DNA damage checkpoint, DNA
mismatch repair, nucleotide excision repair, double-strand
break repair, DNA helicase function, signaling, cell cycle
control or apoptosis.

In particular, the double-strand break repair may be asso-
ciated with radiation therapy, chemotherapy or immuno-
modulatory therapy. In some cases, the chemotherapy
involves treatment with doxorubicin.

In some embodiments, the compositions of the present
invention selectively target toxicity to cancer cells with DNA
lesions.

In other embodiments, the compositions of the present
invention are capable of sensitizing cancer cells to radiation
therapy, chemotherapy or immunomodulatory therapy. In
some embodiments, the chemotherapy involves treatment
with doxorubicin.

In some embodiments, the compositions of the present
invention do not result in genotoxic side effects.

In some embodiments, the compositions of the present
invention exhibit an IC,, value of about 10 uM or less. In
some embodiments, they exhibit an IC;, value of about 5 uM
or less. In some embodiments, the compositions exhibit an
1C,, value of about 1 uM or less. In some embodiments, the
compounds exhibit an IC,, value of about 0.5 uM or less. In
still other embodiments, the compositions exhibit an IC,
value of about 0.25 uM or less. In other embodiments, the
compositions exhibit an IC,, value of about 0.1 uM or less.

The present invention also provides the methods for manu-
facturing the compositions, in particular the novel TMPK
inhibitor derivative compounds as illustrated in FIGS. 1A-17,
comprising the steps of:

(a) treating 2-chloro-6-methylnicotinonitrile (or 2-chloro-
4,6-dimethylnicotinonitrile) with thiourea to give intermedi-
ate compound of 2-mercapto-6-methylnicotinonitrile (or
2-mercapto-4,6-dimethylnicotinonitrile);

(b) treating 2-mercapto-6-methylnicotinonitrile and
2-mercapto-4,6-dimethylnicotinonitrile in  concentrated
H,S80, at 100° C. to give pyridinoisothiazolone compounds 3
(R'=H, R*Me) and 4 (R'==R>=Me), respectively;

(c) treating ethyl piperazine-1-carboxylate with 4-nitro-
phenyl chloroformate and triethylamine (Et;N) to give an
intermediate compound of activated carbamate;

(d) treating the activated carbamate with benzothiazolone
(compound 1) in 4-dimethylaminopyridine (DMAP) and
diisopropylethylamine (DIEA) to give compound 5;

(e) treating benzothiazolone 1 (or pyridinothiazolone 4)
with methyl 2-bromoacetate in the presence of DIEA and
cesium carbonate (Cs,CO;) to give compounds 6 and 7,
respectively;
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() treating compounds 6 and 7 in concentrated hydrochlo-
ric acid at 100° C. to give compounds 8 and 9, respectively;

(g) treating benzothiazolone 1 (or pyridinothiazolone 4)
with appropriate halides in the presence of Et;N and Cs,COj,
to give compounds 11, 12, 19, 21 and 22;

(h) treating tert-butyl carbamate 12 and 22 with trifluoro-
acetic acid (TFA) to give compounds 10 and 20, respectively;

(1) treating compound 10 with benzyl chloroformate in the
presence of DIEA to give compound 13;

(j) treating compound 10 with 4-nitrophenyl chloroformate
in the presence of DMAP to give compound 14;

(k) treating compound 10 with allyl bromide in the pres-
ence of DIEA to give compound 15;

(1) treating tert-butyl 4-(2-chloroacetyl)piperazine-1-car-
boxylate with sodium iodide in acetone to give the corre-
sponding iodo compound, tert-butyl 4-(2-iodoacetyl)pipera-
zine-1-carboxylate;

(m) treating saccharin (compound 2) with the above-pre-
pared iodo compound in the presence of DIEA to give com-
pound 17;

(n) treating tert-butyl carbamate 17 with TFA to give com-
pound 16;

(o) treating phthalimide with tert-butyl 4-(2-chloroacetyl)
piperazine-1-carboxylate in the presence of tetrabutylammo-
nium iodide (TBAI) and DIEA to give compound 18;

(p) treating compound 9 with ethyl piperazine-1-carboxy-
late in the presence of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDCI), DMAP and DIEA to give compound
21 (YMUD);

(q) treating benzothiazolone 1 with ethyl 4-(4-iodobu-
tanoyl)piperazine-1-carboxylate in the presence of DIEA to
give compound 23;

(r) treating benzothiazolone 1 with 1,1'-(piperazine-1,4-
diyl)-bis(2-iodoethanone) in the presence of DIEA to give
compound 24;

(s) treating pyridinothiazolone 4 with methyl 2-bromoac-
etate in the presence of DIEA and Cs,COj; to give N-alkyla-
tion compound 7 and O-alkylation compound 25;

(1) treating compound 25 in concentrated hydrochloric acid
at 100° C. to give compound 26;

(u) treating compound 26 with morpholine (or ethyl pip-
erazine-1-carboxylate) in the presence of EDCI, DMAP and
DIEA to give compounds 27 and 28, respectively.

As illustrated in the Examples section, the present appli-
cation provides new insights into the functional requirement
of TMPK for DNA repair in tumor cells. This requirement
specifically involves elevation of R2 expression and RNR
recruitment to DNA damage-site. The data presented herein
suggests that RNR at DNA damage-site may give rise to
site-specific dUTP production. Theoretically, the action of
dUTPase to dUMP formation and TS-mediated reaction that
converts dUMP to dTMP would limit the amount of cellular
dUTP. However, blocking TMPK function causes dUTP
incorporation in DNA repair dependent on RNR damage-site
recruitment in tumor cells, revealing the physiological com-
plication of site-specific production of dUTP from RNR.

Accordingly, the present application provides that block-
ing TMPK reduces the rate of dTTP formation at the DNA
damage-site, which in turn increases the probability of dUTP
incorporation in the repair process, leading to persistent
lesions. This is because more than 10,000 dNTPs incorporate
in repairing each DSB and that the elevated function of RNR
in tumor cells let dUTP prevail at the DNA damage site,
making toxic repair. Since tumor cells contain elevated func-
tion of RNR, blocking of TMPK function specifically sensi-
tize tumor cells to doxorubicin.
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Interestingly, the expression levels of R2 and dUTPase are
elevated concurrently in MDA-MB231 and MCF-7 cells. Pre-
sumably, this cellular context protects DNA repair from
dUTP incorporation. Therefore, these tumor cells are capable
of repairing lesions induced by low-dose of doxorubicin
exposure. In this cellular context, it is until TMPK knock-
down that dUTP incorporation takes place in DNA repair.
Expression of R2 subunit of RNR and dUTPase is cell-cycle
regulated, peaking in the S and G2/M phases (Ladner and
Caradonna, 1997; Nordlund and Reichard, 2006). It is well
established that malignant cells have cell cycle checkpoint
defects (Kastan and Bartek, 2004). Therefore, these tumor
cells during recovery from DNA damage had more popula-
tion distribution in S and G2/M phase. In contrast, the S phase
population was decreased in normal cycling H184B5F5/M10
cells during recovery from DNA damage probably due to the
presence of intact checkpoint. As a result, these normal
cycling cells expressed even less amount R2, which might
further limit dUDP formation. However, it should be men-
tioned that normal cycling cells contain appreciated level of
p53R2 subunit, which is still capable of forming functional
RNR at DNA damage site. So, why DNA repair is unaffected
by TMPK knockdown in normal cycling cells? One plausible
explanation is that R2 has a 4.7-fold higher binding affinity
for R1 than p53R2 (Shao et al., 2004). It is possible that the
low affinity of p5S3R2 for R1 subunit makes RNR function
less efficient and minimizes the site-specific production of
dUTP in normal cycling cells, thereby dispensing the func-
tional requirement of TMPK at DNA damage site for repair.
Indeed, enforced elevation of R2 by overexpression renders
normal cycling cells sensitive to TMPK knockdown in having
persistent DNA damage after low dose of doxorubicin expo-
sure, supporting our notion in dUTP production by elevation
of RNR function. Expression of R2 and p53R2 has been
found up-regulated in many types of cancer cells in patients
(Jensen et al., 1994; Okumura et al., 2005; Yanamoto et al.,
2003; Zhang et al., 2009). Transgenic mice overexpressing
R2 or p53R2 in the lungs generate tumors (Xu et al., 2008).
Whether side-effect of dUTP formation of RNR at DNA
damage site is related to their oncogenic potential remains
investigated. Nevertheless, it is noteworthy that pS3R2 prog-
noses better survival of colorectal cancer while the R2 level
correlates with poor outcome (Liu et al., 2011). Expression of
RNR mutant defective in dATP feedback inhibition in yeast
causes elevation of ANTP, accompanied by inhibition of cell
cycle progression and the DNA damage checkpoint (Chabes
and Stillman, 2007). Whether this phenomenon involves
dUTP formation is also worthy of investigation.

The present findings rationalize that the context of R2
elevation makes TMPK as Achilles heel in tumor for doxo-
rubicin sensitization. To achieve this, a new TMPK inhibitor,
YMUI1, was identified. The present application provides that
YMUI1 did not produce genotoxic eftects in cells or mice.
5-FU and 5-FdUrd, the most commonly used chemothera-
peutic agents, inhibit TS, which converts dUMP to dTMP in
the de novo synthesis pathway, and further impair cell func-
tion through erroneous nucleotide misincorporation into
RNA and DNA (Longley et al., 2003). Although TS inhibitors
and other nucleotide metabolite blockers have also been used
as chemosensitizers (Garg et al., 2010), it should be empha-
sized that these anti-cancer agents are toxic to genomic DNA
in normal cycling cells. Their therapeutic effect stems solely
from their ability to cause extensive DNA damage, so they
produce non-specific toxicity. We propose that the therapeu-
tic advantage of TMPK inhibitors of the present invention
over these conventional compounds is their specific toxicity
to malignant cells with DNA lesions.
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Therapeutic Uses

The present invention provides a method of sensitizing
cancer cells to radiation therapy, chemotherapy or immuno-
modulatory therapy comprising exposing the cancer cells to
an effective amount of a TMPK inhibitor composition of the
present invention. In some embodiments, the TMPK inhibitor
composition of the present invention selectively target toxic-
ity to cancer cells with DNA lesions. In some embodiments,
the TMPK inhibitor composition of the present invention
does not result in genotoxic side effects.

The present invention also provides a method for sensitiz-
ing cancer cells to the therapeutic effects of radiation therapy,
chemotherapy or immunomodulatory therapy comprising
exposing the cancer cells to an effective amount of an agent
that inhibits TMPK activity. In some embodiments, the agent
is a TMPK inhibitor composition of the present invention.

The present invention also provides amethod of preventing
double-strand break repair of cancer cells comprising expos-
ing the cancer cells to an effective amount of a TMPK inhibi-
tor composition of the present invention.

The present invention also provides amethod of selectively
targeting toxicity to cancer cells with DNA lesions compris-
ing exposing the cancer cells to an effective amount of a
TMPK inhibitor composition of the present invention.

In some embodiments, the cancer cell is selected from the
group consisting of a breast cancer cell, a hepatoma cell, a
colorectal cancer cell, pancreatic carcinoma cell, an esoph-
ageal carcinoma cell, a bladder cancer cell, an ovarian cancer
cell, a skin cancer cell, a liver carcinoma cell, a gastric cancer
cell, a prostate cancer cell, a colon cancer cell, a lung cancer
cell, a rectal cancer cell, a renal cancer cell, a thyroid cancer
cell, a brain cancer cell, melanoma, sarcoma, leukemia, a
bone cancer cell and endometrial cancer cell.

In some embodiments, the present invention provides that
the cancer cells are further exposed to at least one additional
therapeutic agent selected from the group consisting of anti-
cancer agents, antiviral agents, anti-inflammatory agents and
immunosuppressive agents.

Anti-cancer agents contemplated within the present inven-
tion include, but are not limited to, microtubule interference
agents, topoisomerase inhibitors, alkylating agents, thymidy-
late synthase inhibitors, anti-metabolites, pyrimidine antago-
nists, purine antagonists, ribonucleotide reductase inhibitors,
and kinase inhibitors. In some embodiments, microtubule
interference agents are those agents which induce disorga-
nized microtubule formation, disrupting mitosis and DNA
synthesis and include the taxanes, for example, paclitaxel and
docetaxel; vinca alkyloids such as vinblastine, vincristine and
vindesine. In some embodiments, topoisomerase inhibitors
which act by breaking DNA, include two types, topoi-
somerase | and topoisomerase II inhibitors. Topoisomerase [
inhibitors include but are not limited to irinotecan (CPT-11).
Topoisomerase I inhibitors include, e.g., doxorubicin and
epirubicin. Other toposiomerase inhibitors useful in the
present invention include but are not limited to etopside,
teniposide, idarubicin and daunorubicin. In some embodi-
ments, alkylating agents which act by damaging DNA, such
as chlorambucil, melphalan, cyclophosphamide, ifosfamide,
temozolomide, thiotepa, mitomycin C, busulfan, carmustine
(BCNU) and lomustine (CCNU) have been shown to be use-
ful chemotherapy agents. The alkylating agents also include
the platins such as carboplatin and cisplatin which have been
shown to be useful chemotherapy agents, even though they
are not alkylators, but rather act by covalently bonding DNA.
In some embodiments, thymidylate synthase inhibitors,
which interfere with transcription by metabolizing to false
bases of DNA and RNA, include, e.g., 5-fluorouracil and
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capecitabine. In some embodiments, anti-metabolites such as
folate antagonists, methotrexate and trimetrexate have been
found to be useful as chemotherapeutic agents. In some
embodiments, pyrimidine antagonists such as fluorouracil,
fluorodeoxyuridine and azacytidine have been found to be
useful as chemotherapeutic agents. In some embodiments,
purine antagonists have been found to be useful as chemo-
therapeutic agents and include agents such as mercaptopu-
rine, thioguanine and pentostatin. Sugar modified analogs
also useful as chemotherapeutic agents include cytarabine
and fludarabine. In some embodiments, ribonucleotide
reductase inhibitors have been found to be useful as chemo-
therapeutic agents and include agents such as hydroxyurea.

The present invention also provides a method of treating or
preventing cancer in a subject in need thereof, comprising
administering to said subject a therapeutically effective
amount of a TMPK inhibitor derivative compound of the
present invention. In some embodiments, the TMPK inhibitor
derivative compounds of the present invention selectively
target toxicity to cancer cells with DNA lesions. In some
embodiments, the TMPK inhibitor derivative compounds of
the present invention do not result in genotoxic side effects.

In some embodiments, the cancer is selected from the
group consisting of breast cancer, hepatoma, colorectal can-
cer, pancreatic carcinoma, esophageal carcinoma, bladder
cancer, ovarian cancer, skin cancer, liver carcinoma, gastric
cancer, prostate cancer, colon cancer, lung cancer, rectal can-
cer, renal cancer, thyroid cancer, brain cancer, melanoma,
sarcoma, leukemia, bone cancer and endometrial cancer.
Administration and Pharmaceutical Compositions

The claimed methods involve administration of a TMPK
inhibitor composition of the present invention to a subject,
either alone or in combination with an additional therapy such
as radiation therapy, chemotherapy or immunomodulatory
therapy.

Pharmaceutical compositions for use in accordance with
the present invention may be formulated in a conventional
manner using one or more physiologically acceptable carriers
comprising excipients and auxiliaries which facilitate pro-
cessing of the active compounds into preparations which can
be used pharmaceutically. Proper formulation is dependent
upon the route of administration chosen.

For injection, the compositions of the invention may be
formulated in aqueous solutions, preferably in physiologi-
cally compatible buffers such as Hanks’ solution, Ringer’s
solution, or physiological saline buffer. For transmucosal
administration, penetrants appropriate to the barrier to be
permeated are used in the formulation. Such penetrants are
generally known in the art.

For oral administration, the compositions can be formu-
lated by combining the active compounds with pharmaceuti-
cally acceptable carriers well known in the art. Such carriers
enable the compositions of the invention to be formulated as
tablets, pills, lozenges, dragees, capsules, liquids, gels, syr-
ups, slurries, suspensions and the like, for oral ingestion by a
patient. Pharmaceutical preparations for oral use can be made
using a solid excipient, optionally grinding the resulting mix-
ture, and processing the mixture of granules, after adding
other suitable auxiliaries if desired, to obtain tablets or dragee
cores. Useful excipients are, in particular, fillers such as sug-
ars, including lactose, sucrose, mannitol, or sorbitol, cellu-
lose preparations such as, for example, maize starch, wheat
starch, rice starch and potato starch and other materials such
as gelatin, gum tragacanth, methyl cellulose, hydroxypropy-
Imethyl-cellulose, sodium carboxymethylcellulose, and/or
polyvinyl-pyrrolidone (PVP). If desired, disintegrating
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agents may be added, such as cross-linked polyvinyl pyrroli-
done, agar, or alginic acid. A salt such as sodium alginate may
also be used.

For administration by inhalation, the compositions for use
according to the present invention are conveniently delivered
in the form of an aerosol spray using a pressurized pack or a
nebulizer and a suitable propellant, e.g., without limitation,
dichlorodifluoromethane, trichlorofluoromethane, dichlo-
rotetra-fluoroethane or carbon dioxide. In the case of a pres-
surized aerosol, the dosage unit may be controlled by provid-
ing a valve to deliver a metered amount. Capsules and
cartridges of, for example, gelatin for use in an inhaler or
insufflator may be formulated containing a powder mix of the
composition and a suitable powder base such as lactose or
starch.

The compositions may also be formulated for parenteral
administration, e.g., by bolus injection or continuous infu-
sion. Formulations for injection may be presented in unit
dosage form, e.g., in ampoules or in multi-dose containers,
with an added preservative. The compositions may take such
forms as suspensions, solutions or emulsions in oily or aque-
ous vehicles, and may contain formulating materials such as
suspending, stabilizing and/or dispersing agents.

Pharmaceutical compositions for parenteral administra-
tion include aqueous solutions of a water soluble form, such
as, without limitation, a salt, of the active compound. Addi-
tionally, suspensions of the active compounds may be pre-
pared in a lipophilic vehicle. Suitable lipophilic vehicles
include fatty oils such as sesame oil, synthetic fatty acid esters
such as ethyl oleate and triglycerides, or materials such as
liposomes. Aqueous injection suspensions may contain sub-
stances which increase the viscosity of the suspension, such
as sodium carboxymethyl cellulose, sorbitol, or dextran.
Optionally, the suspension may also contain suitable stabiliz-
ers and/or agents that increase the solubility of the com-
pounds to allow for the preparation of highly concentrated
solutions.

Alternatively, the active ingredient may be in powder form
for constitution with a suitable vehicle, e.g., sterile, pyrogen-
free water, before use.

In addition to the formulations described previously, the
compositions may also be formulated as depot preparations.
Such long acting formulations may be administered by
implantation (for example, subcutaneously or intramuscu-
larly) or by intramuscular injection. A compositions of this
invention may be formulated for this route of administration
with suitable polymeric or hydrophobic materials (for
instance, in an emulsion with a pharamcologically acceptable
oil), with ion exchange resins, or as a sparingly soluble
derivative such as, without limitation, a sparingly soluble salt.

Alternatively, other delivery systems for hydrophobic
pharmaceutical compositions may be employed. Liposomes
and emulsions are well known examples of delivery vehicles
or carriers for hydrophobic drugs. In addition, certain organic
solvents such as dimethylsulfoxide also may be employed,
although often at the cost of greater toxicity.

Additionally, the compositions may be delivered using a
sustained-release system, such as semipermeable matrices of
solid hydrophobic polymers containing the therapeutic agent.
Various sustained-release materials have been established
and are well known by those skilled in the art. Sustained-
release capsules may, depending on their chemical nature,
release the compounds for a few weeks up to over 100 days.
Depending on the chemical nature and the biological stability
of the therapeutic reagent, additional strategies for protein
stabilization may be employed.
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The pharmaceutical compositions herein also may com-
prise suitable solid or gel phase carriers or excipients.
Examples of such carriers or excipients include, but are not
limited to, calcium carbonate, calcium phosphate, various
sugars, starches, cellulose derivatives, gelatin, and polymers
such as polyethylene glycols.

Pharmaceutical compositions suitable for use in the
present invention include compositions wherein the active
ingredients are contained in an amount sufficient to achieve
the intended purpose, e.g., treatment of cancer patients.

More specifically, a “therapeutically effective amount”
means an amount of compound effective to prevent, alleviate
or ameliorate symptoms of cancer or prolong the survival of
the subject being treated.

Determination of a therapeutically effective amount is well
within the capability of those skilled in the art, especially in
light of the detailed disclosure provided herein.

For any compound used in the methods of the invention, the
therapeutically effective amount or dose can be estimated
initially from cell culture assays. Then, the dosage can be
formulated for use in animal models so as to achieve a circu-
lating concentration range that includes the ICy, as deter-
mined in cell culture (i.e., the concentration of the test com-
pound which achieves a half-maximal inhibition of TMPK).
Such information can then be used to more accurately deter-
mine useful doses in humans.

Toxicity and therapeutic efficacy of the compositions
described herein can be determined by standard pharmaceu-
tical procedures in cell cultures or experimental animals, e.g.,
by determining the IC,, and the LD, wherein the LD, is the
concentration of test compound which achieves a half-maxi-
mal inhibition of lethality, for a subject compound. The data
obtained from these cell culture assays and animal studies can
be used in formulating a range of dosage for use in humans.
The dosage may vary depending upon the dosage form
employed and the route of administration utilized. The exact
formulation, route of administration and dosage can be cho-
sen by the individual physician in view of the patient’s con-
dition.

Dosage amount and interval may be adjusted individually
to provide plasma levels of the active species which are suf-
ficient to maintain the intended modulating effect. These
plasma levels are referred to as minimal effective concentra-
tions (MECs). The MEC will vary for each compound but can
be estimated from in vitro data, e.g., the concentration nec-
essary to achieve 50-90% inhibition of a kinase may be ascer-
tained using the assays described herein. Dosages necessary
to achieve the MEC will depend on individual characteristics
and route of administration. HPL.C assays or bioassays can be
used to determine plasma concentrations.

Dosage intervals can also be determined using MEC value.
Compounds should be administered using a regimen that
maintains plasma levels above the MEC for 10-90% of the
time, preferably between 30-90% and most preferably
between 50-90%.

The amount of a composition administered will, of course,
be dependent on the subject being treated, the severity of the
affliction, the manner of administration, the judgment of the
prescribing physician, etc.

Accordingly, the present invention provides that the TMPK
inhibitor compositions may be administered once daily for 3
consecutive days. In some embodiments, the present inven-
tion provides that the TMPK inhibitor compositions may be
administered one to two times per day. In other embodiments,
the present invention provides that the TMPK inhibitor com-
positions may be administered at a dose of about 5 mg/kg to
about 30 mg/kg.
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While the invention has been described in terms of what is
presently considered to be the most practical and preferred
embodiments, it is to be understood that the invention needs
not be limited to the disclosed embodiments. On the contrary,
it is intended to cover various modifications and similar
arrangements included within the spirit and scope of the
appended claims, which are to be accorded with the broadest
interpretation so as to encompass all such modifications and
similar structures.

The present invention is further illustrated by the following
specific examples. The examples are provided for illustration
only and should not be construed as limiting the scope of the
invention in any way.

EXAMPLES
Example 1

TMPK is Important in Repair of Double-Stand
Breaks by Preventing dUTP Incorporation

To assess the role of TMPK in DSBs repair, we depleted
TMPK expression by siRNA interference and performed HR
analysis in U20S cells harboring DR-GFP reporter (Pierce et
al., 1999). With I-Scel endonuclease expression, HR repair
takes place to generate intact GFP, giving fluorescence read-
out. By flow cytometry analysis, TMPK knockdown signifi-
cantly reduced the HR repair efficiency, monitored by GFP
positive fraction (FIG. 2A). We also tested the effect of
TMPK knockdown on repairing doxorubicin-induced DNA
lesions in MDA-MB231 breast cancer cells. The control and
TMPK knockdown cells were treated with low-dose (0.1 pM)
of doxorubicin exposure for 4 h and then washed thoroughly
with growth medium for refreshment. Initially, the extent of
DNA lesions, as indicated by YH2AX foci staining (Mah et
al., 2010), was similar in these cells (FIG. 2B). After recovery
for 24 h, doxorubicin-induced DNA lesions diminished in
control cells, indicating cells capable of repairing the level of
DNA damage induced by low-dose of doxorubicin exposure.
Incontrast, yYH2AX foci persisted in TMPK knockdown cells.
As aconsequence, TMPK knockdown markedly reduced cell
growth with doxorubicin exposure (FIG. 3). Thus, TMPK is
essential for DNA repair in response to low-dose of doxoru-
bicin exposure.

Doxorubicin exposure induces DNA double-strand breaks
which are repaired by the HR process (Nitiss, 2009). It is
known that HR process involves Rad 51 foci where the strand
invasion can take place for repair (Holthausen et al., 2010).
We tested the effect of TMPK knockdown on formation and
resolution of Rad 51 foci in cells after doxorubicin exposure.
The results showed that TMPK knockdown did not affect
Rad51 foci formation initially. After 24 h, Rad 51 foci number
was significantly decreased in control cells, while remained
in TMPK knockdown cells (FIG. 2C). This indicates that
TMPK knockdown sustains the recombinogenic lesions. We
also examined XRCC1 foci which known as a single-strand
break repair (SSBR) mark (Caldecott, 2008). As expected,
very few XRCC1 foci were detected upon doxorubicin expo-
sure in control and TMPK knockdown cells, demonstrating
that TMPK deficiency initially does not induce DNA single-
strand breaks (SSBs) upon doxorubicin exposure. At 24-48 h
recovery, TMPK knockdown markedly increased the num-
bers of XRCC1 foci (FIG. 2D), implying that blocking TMPK
promotes SSBs during HR process.

It is well established that SSBs are produced by removal of
erroneous base via DNA glycosylases and apurinic/apyrimi-
dinic endonuclease (APE)-mediated cleavage at abasic site
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(Caldecott, 2008; Nazarkina et al., 2007). Uracil DNA gly-
cosylases such as uracil N-glycosylase (UNG) remove uracil
from DNA (Krokan et al., 2002; Nilsen et al., 1997). To test
whether SSBs revealed by XRCC1 foci result from uracil
mis-incorporation, TMPK knockdown cells were infected
with lentiviral shRNA of UNG. After recovery from doxoru-
bicin exposure, we observed XRCC1 foci number markedly
reduced by UNG knockdown (FIG. 2E). Thus, blocking
TMPK promotes the amount of uracil in genome during
repairing doxorubicin-induced DSBs.

We, next, tested whether the increase of uracil in genome as
a result of dUTP incorporation. Cellular levels of dUTP are
controlled primarily by dUTPase, an enzyme responsible for
hydrolyzing dUTP to dUMP and pyrophosphate (Mclntosh et
al., 1992). Wild-type GFP-dUTPase and catalytically dead
mutant form of GFP-dUTPase (FIG. 4) were then expressed
in MDA-MB231 cells depleted of TMPK. After recovery
from doxorubicin exposure, expression of wild-type dUT-
Pase significantly reduced the number of XRCC1 foci in
TMPK knockdown cells, while cells expressing catalytically
dead dUTPase retained XRCC1 foci (FIG. 2F). Consistently,
vH2AX foci were abolished by overexpression of wild-type
but not catalytic-dead dUTPase (FIG. 5). In conclusion,
TMPK is essential for preventing dUTP incorporation during
repairing DSBs.

Example 2

RNR at DNA Damage-Site Requires Functional
Coordination of TMPK for Repair

Ithas been estimated that dUTP/dTTP ratio in cells is in the
range 0.3-3% (Traut, 1994). TMPK knockdown cells still
retained more than 60% of dTTP pool and these cells prolif-
erate (FIG. 7). Likely, cells contain other functional ana-
logues of TMPK to compensate for this specific depletion.
Presumably, the cellular level of dTTP is still much higher
than dUTP in these cells. This invoked the question why
knockdown of this specific TMPK causes dUTP incorpora-
tion in DNA repair.

To assess the functional requirement of TMPK in DNA
repair, MDA-MB231 breast cancer cells were transfected
with pEGFP-TMPK (D15R), a catalytic-dead mutant (FIG.
8). Of note, overexpression of TMPK (D15R) in HeLa cells
with high transfection efficiency did not affect the total dTTP
pool (FIG. 9). After doxorubicin exposure and recovery, we
found that YH2AX foci diminished in non-transfected cells or
cells overexpressing wild-type of GFP-TMPK as a contrast to
persistent YH2AX foci in GFP-TMPK (D15R)-positive cells
(FIG. 6A). Given that endogenous function of TMPK is not
affected by TMPK(D15R) expression, the inhibitory effect of
TMPK (D15R) expression on DNA repair is unlikely related
to the size of dTTP pool.

RNR-mediated reaction can produce dUDP which is con-
verted to dUTP by NDP kinase (Mathews, 2006). Since
TMPK knockdown causes dUTP incorporation in DNA
repair, we examined the effect of disrupting RNR recruitment
to DNA damage sites on repair in MDA-MB231 cells with
TMPK knockdown. To this end, we overexpressed an YFP-
fused to 90-amino-acid C-terminal fragment of the R1 sub-
unit (R1C-NLS-YFP) that interferes the interaction between
endogenous RNR with Tip60 required for damage-site
recruitment (Niida et al., 2010a). Remarkably, overexpres-
sion of this R1IC-NLS-YFP fusion abolished the effect of
TMPK knockdown on increasing the number of YH2AX foci
during recovery from doxorubicin exposure (FIG. 6B). The
effect of TMPK(D15R) overexpression was also reversed by
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coexpression of R1C-NLS-YFP (FIG. 6C). Thus, RNR at
DNA damage site requires TMPK functional coupling to
prevent dUTP-mediated persistent lesion.

To learn whether TMPK and RNR are recruited to DNA-
damage site, we transfected cells with expression vector
encoding I-Ppol, which introduces a specific DSB on chro-
mosome 1 (Flick et al., 1998). This system allows analysis of
the recruitment of repair proteins, such as ATM, to a specific
DNA damage site during HR repair to be monitored (Berk-
ovich et al., 2007). Chromatin immunoprecipitation (ChIP)
analysis showed TMPK occupancy at the [-Ppol cleavage site
on chromosome 1, but not GAPDH gene site, with 1-Ppol
expression, so as were ATM and R2 subunit of RNR (FIG.
6D). We further analyzed TMPK and R2 on the DNA damage
site in cells. Using laser microirradiation to damage DNA, we
detected colocalization of TMPK and R2 with yYH2AX along
with microirradiated line (FIG. 6E). In conclusion, there is
functional coupling of TMPK with RNR at DNA damage-site
for repair.

Example 3

High Level of R2 Expression as a Determinant in
Tumor Cells that Demand TMPK for DNA Repair

We turther tested the requirement of TMPK for DNA repair
in another breast cancer cell line, MCF-7, and non-tumori-
genic cycling mammary cell line H184BS5SF5/M10 and
MCF10A. Similar to MDA-MB231 cells, TMPK knockdown
caused doxorubicin-induced YH2AX foci persistent in
MCF-7 cells. In contrast, DNA repair was unaffected by
TMPK knockdown in H184B5F5/M10 and MCF-10A (FIG.
10A). We compared expression levels of R2, pS3R2, TMPK
and dUTPase during recovery from DNA damage in MDA-
MB231, MCF-7, H184B5F5/M10, and MCF10A cells (FIG.
10B). Expression level of R2 subunit of RNR and dUTPase in
MDA-MB231 and MCF-7 was much higher than those in
H184B5F5/M10 and MCF-10A cells. In MDA-MB231 cells,
the R2 and dUTPase level was increased concomitantly
between recovery 12 and 48 h post-doxorubicin exposure.
Expression level of p53R2 is very low in MDA-MB231
because of functional deficiency of p53. In MCEF-7,
H184B5F5/M10, and MCF10A cells, the expression of
p53R2 was increased between 24-48 h during recovery from
doxorubicin exposure. The flow cytometry analysis demon-
strated that the population of GO/G1 phase cells in
H184B5F5/M10 and MCF-10A cells was 2-3-fold higher
than those in MDA-MB231 and MCF-7 cells during recovery
from DNA damage. More S and G2/M populations of MDA-
MB231 and MCF-7 cells in recovery indicate less stringency
in checkpoint control in response to genome insult (FIG.
10C). We also compared cell growth rate of these four cell
lines (FIG. 10D). Under our experimental condition,
H184B5SF5/M10 or MCF-10A cells, indeed, proliferated
faster than MDA-MB231 and MCF-7 cells (FIG. 10D). Con-
sidering the HR repair takes place in the S and G2 phase, we
further treated H184B5F5/M10 cells with nocodazole over-
night to block mitotic progression and thereby increasing
S/G2 cells as revealed by flow cytometry analysis (FIG. 10E).
We exposed these cells to doxorubicin and performed yYH2AX
staining after recovery. Similar to the asynchronous cultures,
H184B5F5/M10 cells with 20% increase in S/G2 population
after nocodazole treatment were still insensitive to TMPK
knockdown in DNA repair (FIG. 10F). Therefore, it is
unlikely that the differential response to TMPK knockdown
in DNA repair is determined by the difference in the cell cycle
distribution. These data indicated that the sensitivity differ-
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ences to TMPK knockdown in DNA repair efficiency are not
correlated with the proliferation rate of these cell lines. It has
been previously reported that enzymatic activity of R2/R1
complex is 5-fold higher than that of pS3R2/R1 (Qiu et al.,
2006; Shao et al., 2004). DNA repairin H184B5F5/M10 cells
with low expression level of R2 was not affected by TMPK
knockdown.

Considering that RNR at DNA damage site contributes to
dUTP incorporation in MDA-MB231 cells with TMPK
knockdown, we then tested whether elevation of R2 in tumor
cells is a major factor determining the requirement of TMPK
for DNA repair. MCF-7 cells express high level of R2 with
pS3R2 expression at the level similar to that seen in
H184B5F5/M10 cells. We then decreased R2 level in MCF-7
cells by siRNA transfection to test the contribution of R2
(FIG. 11A). The flow cytometric analysis showed that either
decreasing R2 by siRNA transfection or in combination with
TMPK knockdown did not increase GO/G1 population (FIG.
11B). At 24 h after recovery, YH2AX foci were detected in
cells transfected with either R2 siRNA alone or R2/TMPK
siRNA. However, at 36 h after recovery, it turned out that
decreasing R2 expressionrescued DNA repair in MCF-7 cells
with TMPK knockdown (FIG. 11C, D). Therefore, it is
unlikely that the distribution of cell cycle phase determines
the response of DNA repair to TMPK knockdown. Rather, the
amount of R2 is a key factor.

We further elevated the level of R2 in MCF-10A cells by
lentiviral infection and examined DNA repair response to
TMPK knockdown. The results showed that enforced expres-
sion of R2 caused persistent YH2AX staining in TMPK
knockdown cells with little effect on cell cycle distribution
(FIG. 11E). Thus, elevation of R2 expression turns MCF10A
sensitive to TMPK knockdown in DNA repair. Altogether,
our data demonstrated that an increase in R2 level and the
recruitment of RNR to the DNA damage site are two key
factors that make TMPK critical for DNA repair in tumor
cells. In other words, the elevation of RNR function at DNA
damage-sites in tumor cells particularly requires TMPK func-
tional coordination to prevent dUTP incorporation.

Example 4

Screening and Characterization of YMU1 as a
Human TMPK Inhibitor

Based on the functional requirement of TMPK in DNA
repair specifically in tumor cells with elevated level of R2
expression, we searched for inhibitors of hTMPK that might
beuseful in selectively sensitizing tumor cells to doxorubicin.
By using a luciferase-coupled TMPK assay (Hu and Chang,
2010) in which inhibition of TMPK leaves more ATP avail-
able for the generation of luminescence by luciferase (FIG.
12A), we screened a library of 21,120 small molecules and
identified one highly potent compound YMUI1, of which
structure is shown in FIG. 12B. The synthetic procedure and
structural elucidation of YMU1 (compound 21) are described
in the Methods of the Invention section of the application.

An enzymatic assay confirmed YMU1 to be a hTMPK
inhibitor with an IC,, 0f 0.61£0.02 pM (FIG. 12C) and with-
out inhibitory effect on activity of purified thymidine kinase 1
(TK1) (FIG. 12D). To investigate the structure and activity
relationship, two fragmented compounds (D3 (compound 4)
and D6 (ethyl 4-(2-iodoacetyl)piperazine-1-carboxylate)),
one O-alkylation isomer D7 (compound 28) and a benze-
neisothiazolone derivative D8 (compound 10) were synthe-
sized (FIG. 12B). Neither D6 (as the piperazine fragment of
YMUI1) nor D7 (as the O-alkylation isomer of YMU1)
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showed any inhibition against "\TMPK, whereas D3 (as the
pyridinoisothiazolone fragment of YMU1) exhibited a weak
inhibitory activity. Interestingly, the benzeneisothiazolone
derivative D8 also displayed a considerable inhibitory func-
tion.

The inhibitory mode of YMU1 was determined by pre-
incubating different concentrations of YMU1 with purified
hTMPK protein and measuring initial velocity using the con-
ventional TMPK assay. The values of K,, and V. were
determined using a non-linear regression analysis and were
summarized in Table 1.

TABLE 1

Effect of YMU1 on kinetic parameters
of purified human thymidylate kinase

YMU1L
compound K,, for TMP V o K;
(uM) (uM) (nmol/min/mg) (uM)
0 28.7+24 376.6 =145 0.22 £0.03
0.125 265+2.8 2589124
0.25 27.5+£4.0 180.6 = 11.8
0.5 28.0 £4.3 91.8 + 6.4
YMU1L
compound K,, for ATP V K,
(uM) (uM) (nmol/min/mg) (uM)
0 257 +24 367.2+94 0.18 £ 0.06
0.25 29.5£56 212.0+10.3
0.5 41274 94.8 £ 6.9
1 43.8+3.3 557+13

ForK;value determination, YMUT at the indicated concentration was pre-incubated with 0.5
pg of purified h TMPK protein for 10 min, and the initial velocity of the TMPK reaction was
measured in the presence of ATP (1 mM) and different concentrations of TMP (2~200 pM)
orin the presence of TMP (200 uM) and different concentrations of ATP (5~1000 uM) using
NADH-coupled TMPK assay as described in described in the Methods of the Invention
section. Data represent mean =+ s.d., n = 4. Data obtained from the non-linear regression
analysis were calculated for K, and V,,,a,r determination. The K; value of YMU1 compound
for h\TMPK was calculated from an equation of K; = [I]/(V,,,aX/V,,,aX — 1), where [I] and V
are YMU1 compound concentration and maxlmal velocity 1n the presence of Ul,

respectively. K; value represents average derived from three different YMU1 concentrations.

Pre-incubation with YMU1 decreased the Vmax of
hTMPK in a concentration-dependent manner and increased
Km for ATP without significantly affecting K, for TMP. The
inhibition constant (K,) was determined to be 0.22+0.03 uM
by kinetic analysis (Table 1).

Molecular docking studies were performed to analyze the
mechanism of TMPK inhibition by YMU1. The kinetic stud-
ies suggested that YMU1 probably affects the ATP binding
pocket of TMPK. Using the cocrystal structure of TMPK with
ATP and Mg*?, YMU1 was docked into the ATP pocket. In
this docking situation, YMU1 prevented one Mg** ion from
interacting with the Aspl5 residue in the catalytic domain
(FIG. 12E). Since the mutation of Aspl5 to Arg caused the
loss of TMPK catalytic function, it is possible that preincu-
bation of TMPK with YMU1 hinders Mg*? pointing toward
the catalytic function of Aspl5 in the ATP pocket, thereby
decreasing catalytic efficiency. D3 (compound 4), D6 (ethyl
4-(2-iodoacetyl)piperazine-1-carboxylate) and D7 (com-
pound 28) docking into these sites were unable to block
Aspl5 interacting with Mg*?, therefore, they do not inhibit
TMPK.

The investigators performed additional experiments to
determine the effect of YMU1 treatment on cellular dTTP
levels. YMUI1 treatment in cells reduced dTTP pool about
30-40% after treatment with YMU1 for 3 days (FIG. 13).
Transfection of these cells with siRNA to knock-down TMPK
expression reduced the dTTP pool size in a similar magni-
tude. YMU1 treatment did not cause a further reduction in
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these TMPK knockdown cells (FIG. 13), indicating that the
ability of YMUT to reduce dTTP levels was dependent on
TMPK present in the cells.

Example 5

YMUI1 is not Genome Toxic and Impairs DSBs

0 Repair Like TMPK Silencing

TMPK and TS are key enzymes in dTTP synthesis and TS
has been a major chemotherapy target (Garg et al., 2010).
Inhibition of TS by FdUrd causes genome toxicity (Longley
etal., 2003). Given the shared role of TMPK and TS in dTTP
synthesis, we next compared the effects of blocking TMPK
and TS by either shRNA interference or inhibitor treatment
on the induction of DNA damage. As indicated by the results
of YH2AX staining (Mah et al., 2010), silencing of TS or
5 FdUrd treatment induced severe DNA damage, while silenc-

ing of TMPK and YMUT1 treatment did not (FIG. 14A).

We also compared the effect of YMU1 and FdUrd on cell
viability of non-tumorigenic mammary cycling cells,
H184B5F5/M10 and MCF-10A and tumor lines, MCF-7 and
HCT-116 p53~ cells. The colony and assay indicated that
FdUrd caused death of these cells while YMU1 did not (FIG.
14B). Therefore, unlike blocking TS, targeting TMPK does
not, on its own, cause genome toxicity or cytotoxicity to
normal cycling cells. We next examined the effect of YMU1
30 on repairing doxorubicin-induced DNA lesions in MDA-

MB231 and H184B5F5/M10 cells after recovery from low-
dose doxorubicin treatment.

Of note, YMUI treatment did not affect numbers of DNA
lesions formation, as determined by YH2AX focus staining.
Like TMPK knockdown, pretreatment with YMU1 caused
over 70% of the MDA-MB231 cells still YH2AX-positive
after recovery for 48 h post-doxorubicin exposure (FIG. 14C)
and did not affect cell cycle progression during recovery (data
not shown).

0 A cometassay analysis further confirmed that YMUT1 treat-
ment resulted in an impairment of DNA repair in cells with
doxorubicin exposure (FIG. 15). Overexpression of GFP-
TMPK rendered MDA-MB231 cells resistant to YMU1 in
sustaining DNA lesions, supporting that the effect of YMU1
is via targeting TMPK (FIG. 14D). Similar to siRNA knock-
down, YMU1 also led to persistent Rad51 foci with an
increase in XRCC1 foci formation which was abolished by
UNG depletion (FIGS. 14E-G). The effect of YMUI on
impairing DNA repair was reversed by overexpression of
either dUTPase or C-terminal 90 amino-acid of R1 subunit
(FIGS. 14H-I), confirming that YMU1 does not affect the
repair process.
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53 Example 6
YMUI1 Sensitizes Malignant Tumor Cells to
Doxorubicin In Vitro and In Vivo
60

Next, various human cancer cell lines were treated with
YMUI, D6 or D7 for 72 h to test the potential of TMPK
inhibitor in doxorubicin sensitization. After exposure to dif-
ferent concentration of doxorubicin for 4 h, cells were

5 refreshed for viability analysis after 2 days and the IC;, value
for doxorubicin in each of the cell lines was determined (FIG.
16A and Table 2).

o
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TABLE 2

1C<, of doxorubicin treatment (uM)

Treatment

Enhancement
Cell Line Vehicle YMU1 fold
HCT-116p53+/+ 2.66 +0.49 0.42 +0.05 6.3
HCT-116p53-/- 4.10 £ 0.01 0.60 +0.03 6.8
HT-29 12.09 + 1.64 3.59 +0.53 34
MDA-MB231 2.17 £0.30 0.07 £0.03 31.0
MDA-MB468 0.25 +0.08 0.009 = 0.001 27.8
H1299 7.19 £0.77 0.59 +0.02 12.2
CL-1-0 4.90 +0.20 0.82 +0.04 6.0
SaoS2 7.83 £0.02 0.22 +0.01 35.1
U208 4.58 +0.14 1.14 £ 0.05 4.0
H184B5F5/M10 4.15 £ 0.06 2.43 +0.01 1.7
MCF-10A 5.22+0.39 4.35 +0.01 1.2
HMEC 23.56 +1.23 23.20 £ 1.00 1.0
HREC 22.10+1.18 22.00 £0.89 1.0
Capanl 1.13 £0.02 1.09 £ 0.05 1.0
HCC1037 5.52+0.39 6.9 £0.50 0.8
IMR-90 14.15 £3.21 13.74 £ 2.94 1.0

YMUI1 treatment increased doxorubicin sensitivity rang-
ing from 3- to 35-fold in HT-29, U20S, CL-1-0, HCT-116
p53+/+, HCT-116 p53-/-, H1299, MDA-MB468, MDA-
MB231, and SaoS2 malignant tumor cells. The ability of
YMUI1 to sensitize non-tumorigenic mammary cycling
H184B5F5/M10, MCF10A, primary human mammary epi-
thelial (HMEC) and primary renal epithelial (HREC) cells
and IMR-90 embryonic lung fibroblasts to doxorubicin was
much weaker. Two BRCA 1/2 deficient tumor cells that are
defective in homologous recombination repair were not
responsive to YMUT1 in doxorubicin sensitization. Inactive
D6 (ethyl 4-(2-chloroacetyl)piperazine-1-carboxylate) and
D7 (compound 28) had no doxorubicin sensitization effect in
all these cell lines.

The colony assay further showed that YMU1 markedly
enhanced the lethal effects of doxorubicin (0.1 pM) in various
cancer cell lines (FIG. 16B). TMPK knockdown was unable
to further sensitize YMU-treated MDA -MB231 cells to doxo-
rubicin (FIG. 17), suggesting the specificity of YMU1 on
doxorubicin sensitization by targeting TMPK. Overexpres-
sion of wild-type dUTPase was able to prevent YMU1/doxo-
rubicin-induced apoptosis, as revealed by reducing Annexin
V staining (FIG. 18). Moreover, YMU1 was unable to inhibit
dUTPase (FIG. 19).

We also used an in vivo xenograft model to examine the
effect of YMUI1 as an adjuvant on sensitization to low-dose
doxorubicin treatment. HCT-116 p53-/- cells were inocu-
lated into nude mice. Four days later, the mice began to
receive thrice- and twice weekly i.p. injections of YMU1 and
doxorubicin, respectively. Treatment with YMU1 and doxo-
rubicin was continued for 4 weeks. Tumor growth rates in
mice treated with either doxorubicin or YMU1 alone were
similar to those in control animals. In contrast, the growth of
tumors was much slower in YMU1-/doxorubicin-double-
treated mice (FIG. 16C). Two weeks after the last injections
were administered, mice were sacrificed and tumor weights
measured. We observed excellent tumor suppression in
YMU1-/doxorubicin-double-treated mice, in which the aver-
age tumor size was 25% of that in control mice (FIG. 16D).
Under these experimental conditions, tumor sizes were simi-
lar in mice treated with doxorubicin or YMUT alone. In agree-
ment with the data in tumor growth, the tumor proliferation
index, indicated by measuring K, 67 immunostaining, was
clearly reduced in nude mice with combinatory treatment of
YMUI1 and doxorubicin (FIG. 16E).
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To assess in vivo toxicity of YMUT1, we treated Balb/c mice
with YMUT for 4 weeks, using a 2-fold higher dose regimen
in the tumor xenograft study. YMU1 treatment did not alter
mouse body weight over the course of 4 weeks. Additionally,
weights of the different organs (heart, liver, spleen, lung, and
kidney) and results of hematological analyses were similar in
control and YMU1-treated mice (Table 3). Taken together,
YMUI, on its own, produces no toxic effect in normal mice.
In conjunction with low-dose of doxorubicin, YMU1 sup-
presses tumor growth in mice.

TABLE 3

Effect of YMU1 on animal toxicity

Animal Groups

Control Treatment
@=35) (=4)
Tests Mean = SEM Mean + SEM
1 Clinical observations Nil Nil
2 Body weight (g)
a) Pre-treat 20.96 £ 1.06 19.93 +1.63
b) Week-1 21.14 £ 0.69 20.48 £ 1.43
c) Week -2 21.58 £ 0.48 20.88 = 1.07
d) Week-3 21.52 0.4 21.25+£1.13
e) Week-4 21.58 £0.74 21.30 £ 0.96
3 Organ weight (g/100 g of
body weight)
a) Heart 0.007 = 0.002 0.007 = 0.000
b) Liver 0.054 + 0.007 0.054 +0.002
c) Spleen 0.008 = 0.001 0.008 = 0.001
d) Lung 0.007 = 0.001 0.006 = 0.000
e) Kidney 0.016 = 0.001 0.016 = 0.001
4 Blood Chemistry
a) Aspartate Aminotransferase 68.2 +12.76 62.50 £5.26
(U/L)
b) Alanine Aminotransferase 32.80 £3.83 32.00 =245
(U/L)
c) Alkaline Phosphatase 353.00 = 58.51 389.25 £20.79
(U/L)
d) Glucose (mg/dl) 157.6 £9.74 136.25 + 14.31*
e) Blood Urea Nitrogen 2242 £2.394 19.08 £3.25
(mg/dl)
f) Creatinine (mg/dl) 0.16 £0.09 0.10 £0.00
g) Total protein (g/dl) 544 £0.35 548 £0.25
5 Hematology
a) Hb (g/dl) 16.56 = 0.63 16.25 £0.41
b) PCV (%) 55.50 £2.74 53.48 £2.50
c) Total RBC Counts 10.80 £ 0.63 10.39 £0.48
(per cmm)
d) Total WBC Counts 8.41 +1.79 8.54 +2.95
(per cmm)
*P <0.05
Example 7

In Vitro and In Vivo Activity of TMPK Inhibitor
Derivatives

Chemical structures of the different TMPK inhibitor
derivatives tested for in vitro TMPK inhibitory activity and in
vivo doxorubicin sensitization activity (in MDA-MB231
cells) are depicted below.

NH
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In one embodiment, compound 21 (YMU1) is designated
as the standard to have 100% inhibition yield at a concentra-
tion of 2 uM. The inhibition yields of other TMPK inhibitor
derivative compounds are normalized (n=3 or 6) accordingly:
Compound 1 (74.0%), compound 2 (7.0%), compound 3
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(76.5%), compound 4 (28.0%), compound 5 (92.9%), com-
pound 6 (96.0%), compound 7 (98.3%), compound 8
(29.1%), compound 9 (47.0%), compound 10 (96.8%), com-
pound 11 (100.4%), compound 12 (124.5%), compound 13
(127.2%), compound 14 (129.4%), compound 15 (102.3%),
compound 16 (11.8%), compound 17 (10.1%), compound 18
(51.4%), compound 19 (100.5%), compound 20 (99.5%),
compound 21 (YMU1, 100%), compound 22 (111.6%), com-
pound 23 (0%), compound 24 (117.7%), compound 25
(7.8%), compound 26 (16.4%), compound 27 (16.0%), and
compound 28 (14.7%). In MDA-MB231 cell treatment, com-
pound 10 and 19 at 2 uM had no effect on doxorubicin
sensitization, while compound 12 and 21 at 2 uM had 30-fold
enhancement on doxorubicin sensitization.

Based on these results, it appears that the bicyclic core
structure is important for the activity of TMPK inhibitors. As
illustrated for the YMU1 (compound 21) and the related
TMPK inhibitors, the N-alkylated structure at the thiazolone
ring appears to be required for the observed activity while the
C-terminal moiety at the piperazine ring is required for in vivo
doxorubicin sensitization.

The bicyclic core structure
is important

This moiety is required for in vivo
doxorubicin sensitization

|
Z} NDN %:Csz
|

21 (YMU1)

N-alkylated structure is
required for inhibition

Methods of the Invention

Antibodies

Anti-hTMPK and anti-hTK1 polyclonal antibodies were
prepared as described previously (Chang et al., 1994; Ke et
al., 2005). Anti-R2 (sc-10844), anti-p53 R2 and anti-ATM
(sc-23921) antibodies were from Santa Cruz. Antiserum
against hdUTPase was produced by immunizing rabbits with
purified GST-hdUTPase (nuclear form) protein and collected,
after which polyclonal antibody was affinity-purified. Speci-
ficity of hTMPK, R2 and hdUTPase antibodies were verified
by RNAi experiments (FIG. 20). Anti-GFP antibody
(632375) was from BD Biosciences. Anti-hTS antibody
(clone 4H ,B1) was purchased from Zymed Laboratories inc.,
Anti-Rad-51 antibody (PC130) was from Calbiochem. Anti-
H2AX (Ser139) and anti-XRCC1 (clone 33-2-5) antibodies
were purchased from Upstate and Thermo Fisher Scientific
Inc., respectively. Anti-f-tubulin, anti-B-actin, anti-rabbit
IgG-FITC, anti-mouse IgG-FITC and anti-mouse IgG-
TRITC antibodies were from Sigma.

Reagents

(G418 and nanofectin were obtained from Invitrogen and
PAA laboratories Inc., respectively. ATP, TMP, NADH, phos-
phoenol  pyruvate, 5,5'-dithio-bis(2-nitrobezoic  acid)
(DTNB), D-Luciferin, Photinus pyralis (firefly) Luciferase,
human thrombin, bovine serum albumin (BSA), doxorubicin
and H33342 were purchased from Sigma. Lactate dehydro-
genase and pyruvate kinase were obtained from Roche. Glu-
tathione 4B beads were from Amersham Pharmacia, and
Annexin V-IDE apoptosis kit (CBA-060) and MTS reagent
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were purchased from Calbiochem and Promega, respectively.
hTMPK siRNA was obtained from Dharmacon siGenome
SMART pools (MQ-006720), synthesis of R2 siRNA and
Lipofectamin 2000 from Invitrogen. Dialyzed serum was
purchased from GIBCO™. pL KO-UNG shRNA and p[.LKO-
dUTPase shRNA were purchased from national RNAi core
facility in Taiwan.

Cell Culture and Establishment of Stable Cell Lines

HCT-116 p53+/+ and p53—/- cells were kindly provided
by Bert Vogelstein at the Johns Hopkins University Medical
Institution (Bunz et al., 1998). U205-DR-GFP cells were
provided by Sheau-Yen Shieh, Academia Sinica. The growth
medium supplemented with 10% FBS were: McCoy’s SA for
HCT-116 and U205, RPMI for HT-29, DMEM for MDA-
MB231, MDA-MB468, HelLa and HEK-293T, MEM-a. for
H184B5F5/M10 cells from Bioresource Collection and
Research Center (Hsinchu, Taiwan) (Yang et al., 1996). For
establishment of MDA-MB231 cells stably expressing
TMPK shRNA and HCT-116 p53—-/- cells stably expressing
TMPK shRNA, cells were infected with lentiviral TMPK
shRNA, after which cells were selected with 2 pg/ml blasti-
cidine.

General Material for Chemical Synthesis of Compounds.

All reagents and solvents were reagent grade and used
without further purification unless otherwise specified. All
solvents were anhydrous grade unless indicated otherwise.
Dichloromethane (CH,Cl,) was distilled from CaH,. All air
or moisture sensitive experiments were performed under
nitrogen. Reactions were monitored by thin-layer chromatog-
raphy (TLC) on 0.25 mm E. Merck silica gel 60 F,s, glass
plates. Compounds were visualized by UV, or using p-anis-
aldehyde, ninhydrine and phosphomolybdic acid (PMA) as
visualizing agent. E. Merck silica gel 60 (0.040-0.063 mm
particle sizes) were used for flash chromatography.

Instrumentation.

Melting points were recorded on a Yanaco micro apparatus.
Absorbance spectra were measured on PerkinElmer Lamda
35 UV-Vis spectrometer. Nuclear magnetic resonance
(NMR) spectra were obtained on Varian Unity Plus-400 (400
MHz) and chemical shifts (8) were recorded in parts per
million (ppm) relative to d,,7.24/8 . 77.0 (central line of't) for
CHCIL,/CDCl,, §,,3.31/8 - 49.0 for CH;OH/CD,0D, and 9,,
2.50 (m)/d-39.5 (m) for (CH;),SO/(CD;),SO. The splitting
patterns are reported as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet) and br (broad). Coupling constants ()
are given in Hz. The ESI-MS experiments were conducted on
a Bruker Daltonics BioTOF III high-resolution mass spec-
trometer. High-performance liquid chromatography (HPLC)
was performed on Agilent 1100 Series instrument equipped
with a degasser, Quat pump, and UV detector.

Determination of the Purity of Compounds.

The purity of compounds were determinated by HPL.C on
a HC-C18 column (Agilent, 4.6x250 mm, 5 uM) at a flow rate
of 1 ml./min with gradient elution of 20-90%, 30-90% or
40-90% aqueous CH;CN for 15 min or 20 min.

6-Methylisothiazolo[5,4-b|pyridin-3(2H)-one
(compound 3)

A mixture of 2-chloro-6-methylnicotinonitrile (220 mg,
1.45 mmol) and thiourea (348 mg, 4.57 mmol) was heated at
reflux (118° C.) in n-butanol for 4 h. After cooling to room
temperature, the yellow solution turned to a suspension con-
taining light yellow solids. The solids were collected by fil-
tration, rinsed with n-butanol, and dried in vacuo to give
2-mercapto-6-methylnicotinonitrile (218 mg, 100% yield).
C,HN,S; yellow powder; 'H NMR (400 MHz, CDCl,) §
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7.97 (1H, dt, J=8, 0.8 Hz), 7.79 (1H, dt, =8, 0.8 Hz), 7.70
(1H,td, J=8, 1.2 Hz), 7.46 (1H, td, J=8, 1.2 Hz), 4.64 (2H, s);
13C NMR (100 MHz, CDCly) & 177.39, 154.77, 144.83,
117.1,113.3,112.7, 19.2; ESI-HRMS (negative mode) calcd
for C;H,N,S: 149.0173. found: m/z 149.0172 [M-H]".

The above-prepared compound (120 mg, 0.80 mmol) was
added to conc. H,SO, (1 mL). The mixture was immersed in
a preheated oil bath at 100° C. for 4 h. The mixture was then
cooled and modulated to pH 5-6 by addition of saturated
NaHCO;, producing insoluble substance in suspension. The
solids were collected by filtration, and dried in vacuo to give
the title compound (86 mg, 65% yield). C,H,N,OS; yellow
powder; mp 187-190° C.; 'H NMR (400 MHz, CDCl,) § 8.16
(14, d, J=7.8 Hz), 7.21 (1H, d, J=7.8 Hz), 2.70 (3H, s); '°C
NMR (100 MHz, CDCl,) 8 167.0, 165.5,164.1,134.1,120.2,
116.1, 24.1; ESI-HRMS (negative mode) calcd for
C H,N,OS: 150.9966. found: m/z 150.9965 [M-]".

4,6-Dimethylisothiazolo[ 5,4-b]pyridin-3(2H)-one (4)

A mixture of 2-chloro-4,6-dimethylnicotinonitrile (800
mg, 4.83 mmol) and thiourea (1.2 kg, 15.76 mmol) was
heated atreflux (118° C.) in n-butanol for 4 h. After cooling to
room temperature, the yellow solution turned to a suspension
containing light yellow solids. The solids were collected by
filtration, rinsed with n-butanol, and dried in vacuo to give
2-mercapto-4,6-dimethylnicotinonitrile (778 mg, 98%
yield). C;HgN,S; light yellow powder; mp 219-221° C.; 'H
NMR (400 MHz, CDCl,) 8 6.40 (1H, s), 2.45 (3H, s), 2.43
(3H, s); ESI-HRMS (negative mode) calcd for C;H,N,S:
163.0330. found: m/z 163.0332 [M-H]".

The above-prepared compound (750 mg, 4.57 mmol) was
added to conc. H,SO, (5 mL). The mixture was immersed in
a preheated oil bath at 100° C. for 4 h. The mixture was then
cooled and adjusted to pH 5-6 by addition of saturated
NaHCO;, producing insoluble substance in suspension. The
solids were collected by filtration, and dried in vacuo to give
the title compound (743 mg, 84% yield). CgHgN,OS; light
pink powder; mp 190-193° C.; 'H NMR (400 MHz, CDCl,)
36.93 (1H, 5),2.74 (3H,5), 2.60 (3H, s); *C NMR (100 MHz,
CDCl;)0167.5,165.8,162.6,149.2,122.0,114.5,25.0,18.2;
ESI-HRMS (negative mode) caled for C;H,N,OS: 179.0279.
found: m/z 179.0281 [M-H]".

Ethyl 4-(1-oxoisoindoline-2-carbonyl)piperazine-1-
carboxylate (5)

A mixture of ethyl piperazine-1-carboxylate (300 mg, 1.90
mmol), 4-nitrophenyl carbonochloridate (460 mg, 2.28
mmol) and Et;N (576 mg, 5.69 mmol) in anhydrous CH,Cl,
(7 mL) was stirred at room temperature for 24 h, and then the
reaction mixture turned to a yellow solution. Extraction with
NaHCO;,,  until the organic layer turns to transparent solu-
tion. And then the organic layer was dried over MgSO,,
filtered, concentrated, and purified by flash chromatography
onasilica gel column with elution of EtOAc/hexane (1:1.5) to
give 1-ethyl 4-(4-nitrophenyl) piperazine-1.,4-dicarboxylate
(172 mg, 45% yield). C,,H;,N;Oq; pale yellow solid; mp
125-128° C.; IR v,,,,, (neat) 3512, 3082, 2983, 2930, 2867,
1730,1701, 1594, 1523, 1459, 1425, 1348, 1288, 1209, 1163,
1085, 1055, 996, 957 cm™"; "H NMR (400 MHz, CDCI,) &
8.23 (1H, d, J=8.8 Hz), 7.28 (1H, t, ]=8.8 Hz), 4.17 (2H, q,
J=6.8 Hz), 3.66 (2H, brs), 3.56 (6H, brs), 1.28 (3H, t, JI=7.2
Hz); >C NMR (100 MHz, CDCls) 8 155.7, 155.1, 151.9,
1447, 124.9 (2x), 122.1 (2x), 61.8, 44.5, 43.8, 43.4 (2x),
14.8.
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A mixture of the above-prepared p-nitrophenyl carbamate
(100 mg, 0.31 mmol), benzothiazolone (compound 1, 56 mg,
0.37 mmol), 4-dimethylaminopyridine (DMAP, 113 mg, 0.92
mmol) and diisopropylethylamine (DIEA, 120 mg, 0.93
mmol) in CH,Cl, (3 mL) was stirred at room temperature.
The mixture was stirred for 48 h, and washed successively
with 1 M HCl,,, and saturated NaHCOs,, . The organic
phase was dried over MgSO,, filtered, concentrated, and puri-
fied on a thin-layer silica-gel plate (20 cmx20 cmx2 mm)
using CH,Cl,/MeOH (9:1) as the developing solution to give
the title compound. C, H,,N,0,S; white oil; IR v, (neat)
2923,2853, 1689, 1423,1259,1229, 995,749 cm™"; 'H NMR
(400 MHz, CDCl;) & 7.96 (1H, d, J=8.0 Hz), 7.66 (1H, d,
J=8.0 Hz), 7.52 (1H, d, J=8.0 Hz), 7.40 (1H, d, J=8.0 Hz),
4.16 (2H, q, J=8.0 Hz), 3.63 (8H, m), 1.28 (3H, t, J=6.8 Hz),
ESI-HRMS caled for C,sH,,N;0,NaS: 358.0837. found:
m/z 358.0827 [M+Na]™.

Methyl 2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetate
(6)

Benzothiazolone 1 (500 mg, 3.31 mmol) was suspended in
CH,Cl, (25 mL) containing DIEA (1.28 kg, 9.93 mmol) and
Cs,CO; (1.75 kg, 3.30 mmol). Methyl 2-bromoacetate (800
mg, 5.26 mmol) was then added at room temperature. The
mixture was stirred for 5 h, concentrated under reduced pres-
sure, and purified by chromatography on a silica gel column
with elution of EtOAc/hexane (1:2) to give the title compound
(495 mg, 67%yield). C,; H,NO,S; white solid; mp 89-91° C.;
'"HNMR (400 MHz, CDCl,) 8 8.15 (1H, dt, ]=8, 0.8 Hz), 7.59
(1H,td,J=7.2,1.2Hz) 7.52 (1H, dt, J=8, 0.8 Hz) 7.37 (1H, td,
1=7.2, 1.2 Hz), 4.59 (2H, s), 3.76 (3H, s); >°C NMR (100
MHz, CDCl,) & 167.8, 165.4, 140.6, 132.0, 126.7, 125.4,
123.2,120.2, 52.6, 44.5; ESI-HRMS calcd for C,,H,NO;S:
224.0381. found: m/z 224.0390 [M+H]".

Methyl 2-(4,6-dimethyl-3-oxoisothiazolo[5,4-b]pyri-
din-2(3H)-yD)acetate (7)

To enhance the selectivity of N-alkylation over O-alkyla-
tion, pyridinothiazolone 4 (500 mg, 2.77 mmol) was sus-
pended in CH,Cl, (20 mL) containing of diisopropylethy-
lamine (DIEA, 1.5 mL, 8.61 mmol) and Cs,CO; (700 mg,
3.07 mmol). Methyl 2-bromoacetate (900 mg, 5.88 mmol)
was then added at room temperature. The mixture was stirred
for 5 h, concentrated under reduced pressure, and purified by
chromatography on a silica gel column with elution of
EtOAc/hexane (1:4) to give the title compound 7 (360 mg,
55% yield) accompanied by an O-alkylation side product
(7%). Compound 7: C,,H,,N,0O;S; white solid; mp 89-91°
C,;1IRv,,,. (neat) 2928, 1766, 1728, 1664, 1561, 1523, 1435,
1375, 1324, 1210 cm™"; 'H NMR (400 MHz, CDCl,) § 6.92
(1H, s), 4.54 (2H, s), 3.76 (3H, s), 2.70 (3H, s), 2.57 (3H, s);
13C NMR (100 MHz, CDCl,) 8 167.4, 164.3, 162.6, 162.3,
149.6,122.4,113.8, 52.8,44.2,24.9, 17.8; ESI-HRMS calcd
for C,,H,;N,0,S: 253.0647. found: m/z 253.0657 [M+H]".

2-(3-oxobenzo[d]isothiazol-2(3H)-yl)acetic acid (8)

Ester 6 (500 mg, 2.24 mmol) was suspended in conc. HCI
(8 mL) and heated with stirring at 100° C. for 6 h until
hydrolysis completed.* The mixture was cooled to room tem-
perature, diluted with water (500 mL), and the precipitate was
collected to give the title compound (460 mg, 98% yield).
CoH,NQ,S; white solid; mp 241-243° C.; 'H NMR (400
MHz, CDCl;) 8 7.97 (1H, dt, =8, 0.8 Hz), 7.79 (1H, dt, J=8,
0.8 Hz),7.70 (1H,td, J=8, 1.2 Hz), 7.46 (1H, td, J=8, 1.2 Hz),
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4.64 (2H, s); >C NMR (100 MHz, CDCl,) 8 169.4, 166.4,
141.8, 132.3, 125.8, 125.5, 123.4, 121.0, 44 .4; ESI-HRMS
(negative mode) caled for CoH,NO,;S: 208.0068. found: m/z
208.0064 [M-H]".

2-(4,6-Dimethyl-3-oxoisothiazolo[ 5,4-b]pyridin-2
(BH)-yDacetic acid (9)

Ester 7 (160 mg, 0.63 mmol) was suspended in conc. HCI
(4 mL) and heated with stirring at 100° C. for 5 h until
hydrolysis completed. The mixture was cooled to room tem-
perature, diluted with water (500 mL), and the precipitate was
collected to give the title compound (151 mg, 100% yield).
C,oH,N,0,S; white solid; mp 355° C. (decomposed); 'H
NMR (400 MHz, CD,0D) 8 7.13 (1H, s), 4.60 (2H, s), 2.71
(3H, 5), 2.59 (3H, 5); "*C NMR (100 MHz, CD,0D) § 170.2,
165.7, 164.2, 163.3, 151.3, 123.3, 115.1, 45.2, 24.7, 17.9;
ESI-HRMS (negative mode) caled for C, HoN,O;S:
237.0334. found: m/z 237.0329 [M-H]".

2-(2-Oxo0-2-(piperazin-1-yl)ethyl)benzo[d]isothiazol-
3(2H)-one (10)

Tert-butyl carbamate 12 (50 mg, 0.13 mmol) and trifluo-
roacetic acid (TFA, 2 mL, 26.1 mmol) was dissolved in anhy-
drous CH,Cl, (